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SUMMARY 
T h e i n v e s t i g a t i o n s r e p o r t e d i n t h i s t h e s i s i n v o l v e : t h e c o n s t r u c ­
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v e s t i g a t i o n m a y s e e m s o m e w h a t u n r e l a t e d , b u t e a c h r e s u l t e d f r o m i n i t i a l 
w o r k w i t h p h o t o m e t r i c t i t r a t i o n s . A n e e d w a s s e e n t o d e v e l o p t h e p o t e n ­
t i a l l y m o r e s e n s i t i v e f l u o r o m e t r i c t i t r a t i o n p r o c e d u r e s . S u c h p r o c e ­
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e d t o p u r s u e i n v e s t i g a t i o n s i n t o i t s u s e i n t h e i m p o r t a n t a r e a o f s e r u m 
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A . G e n e r a l R e m a r k s 
L u m i n e s c e n c e i s t h e name g i v e n t o t h e p h e n o m e n o n o f l i g h t e m i s ­
s i o n b y a s u b s t a n c e . S e v e r a l t y p e s o f l u m i n e s c e n c e c a n b e d i s t i n g u i s h e d 
a c c o r d i n g t o t h e m e c h a n i s m o f t h e e m i s s i o n . C h e m i l u m i n e s c e n c e i s c a u s e d 
by t h e r e l e a s e i n t h e f o r m o f l i g h t o f a p o r t i o n o f t h e e n e r g y l i b e r a t e d 
d u r i n g a c h e m i c a l r e a c t i o n . I n t r i b o l u m i n e s c e n c e a p o r t i o n o f t h e c r y s ­
t a l l a t t i c e e n e r g y i s g i v e n o f f a s l i g h t w h e n c r y s t a l s o f c e r t a i n m a t e ­
r i a l s , e . g . c u b e s u g a r , a r e d i s r u p t e d b y g r i n d i n g o r b r e a k i n g . I n c a n d e s ­
c e n c e i s t h e p h e n o m e n o n w h e r e l i g h t i s e m i t t e d w h e n a s u b s t a n c e i s h e a t e d . 
T h e p h e n o m e n o n o f i m m e d i a t e i n t e r e s t h e r e i s t h e e m i s s i o n o f l i g h t f o l ­
l o w i n g t h e a b s o r p t i o n o f r a d i a n t e n e r g y b y a s y s t e m . When t h e e m i s s i o n 
t a k e s p l a c e i n a v e r y s h o r t t i m e ( a b o u t 10~8 s e c . o r l e s s ) a f t e r t h e 
o c c u r r e n c e o f a b s o r p t i o n t h e p r o c e s s i s c a l l e d f l u o r e s c e n c e . I f e m i s ­
s i o n i s d e l a y e d , t h e name p h o s p h o r e s c e n c e i s e m p l o y e d . 
When l i g h t e n e r g y i s a b s o r b e d a n e l e c t r o n i s m o v e d f r o m a l o w e r 
e n e r g y s t a t e , u s u a l l y t h e g r o u n d s t a t e , t o a n e x c i t e d s t a t e . I n t h e 
c a s e o f f l u o r e s c e n c e t h i s a b s o r p t i o n s t e p i s i m m e d i a t e l y f o l l o w e d b y t h e 
r e t u r n o f t h e e l e c t r o n t o a l o w e r l e v e l w i t h t h e s i m u l t a n e o u s r e l e a s e o f 
a q u a n t u m o f l i g h t e n e r g y ( p h o t o n ) c o r r e s p o n d i n g t o t h e p a r t i c u l a r e l e c ­
t r o n t r a n s i t i o n . T h e e n e r g y o f t h e e x c i t i n g r a d i a t i o n m u s t b e a t l e a s t 
e q u a l t o t h a t o f t h e e m i t t e d r a d i a t i o n a n d u s u a l l y i s h i g h e r i n p r a c -
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t i c a l a p p l i c a t i o n s . T h i s p i c t u r e o f e l e c t r o n o r b i t a l c h a n g e i s h i g h l y 
s i m p l i f i e d b e c a u s e e n e r g y e x c h a n g e s w i t h r o t a t i o n a l a n d / o r v i b r a t i o n a l 
l e v e l s a r e s u p e r i m p o s e d , w h i c h r e s u l t s i n t h e f a c t t h a t t h e a b s o r p t i o n 
a n d e m i s s i o n s p e c t r a do n o t c o n s i s t o f l i n e s , b u t o f r a t h e r b r o a d b a n d s . 
F l u o r e s c e n c e was o b s e r v e d i n m i n e r a l s a n d o t h e r n a t u r a l p r o d u c t s 
l o n g b e f o r e G. G. S t o k e s g a v e a n e x p l a n a t i o n o f t h e p r o c e s s i n t e r m s o f 
a n i n t e r r e l a t i o n s h i p b e t w e e n l i g h t a b s o r b e d a n d l i g h t e m i t t e d . S t o k e s 
i s a l s o t o b e c r e d i t e d w i t h c o i n i n g t h e name " f l u o r e s c e n c e " w h i c h was 
d e r i v e d f r o m t h e m i n e r a l f l u o r s p a r , w h i c h s h o w s t h e p h e n o m e n o n t o a 
r a t h e r s t r i k i n g d e g r e e , e m i t t i n g a n i n t e n s e b l u e w h i t e l i g h t upon i r ­
r a d i a t i o n w i t h u l t r a v i o l e t l i g h t . 
A l m o s t 100 y e a r s p a s s e d a f t e r t h e p h e n o m e n o n was b a s i c a l l y e x ­
p l a i n e d u n t i l f l u o r e s c e n c e s p e c t r o s c o p y s t a r t e d t o b e c o m e a n e s t a b l i s h e d 
f i e l d o f i n v e s t i g a t i o n i n 1945 ( 1 ) . T h e g r o w t h o f t h i s f i e l d s i n c e t h e n , 
h o w e v e r , h a s b e e n r e m a r k a b l e a n d t o d a y h u n d r e d s o f a n a l y t i c a l m e t h o d s a r e 
b a s e d o n f l u o r e s c e n c e . T h e r e a r e t w o p r i n c i p a l r e a s o n s f o r t h e p o p u l a r ­
i t y o f f l u o r e s c e n t m e t h o d s , ( a ) a n i n h e r e n t h i g h l e v e l o f s e n s i t i v i t y , 
a n d ( b ) a h i g h d e g r e e o f s e l e c t i v i t y . S m a l l a m o u n t s o f some s u b s t a n c e s 
c a n e m i t r e l a t i v e l y h i g h i n t e n s i t y l i g h t w h i c h i s m e a s u r e d a g a i n s t p r a c ­
t i c a l l y n o l i g h t a t a l l . T h i s s i t u a t i o n c a n b e c o n t r a s t e d t o a b s o r p t i o n 
p h o t o m e t r y w h e r e s m a l l i n t e n s i t y c h a n g e s m u s t b e m e a s u r e d a g a i n s t a h i g h 
i n t e n s i t y b a c k g r o u n d . S e l e c t i v i t y i s f a v o r e d b e c a u s e t h e n u m b e r o f 
c o m p o u n d s w h i c h f l u o r e s c e i s l i m i t e d , a n d d i s c r i m i n a t i o n b e t w e e n t h e s e 
c o m p o u n d s c a n f r e q u e n t l y b e made b y a p p r o p r i a t e c h o i c e o f t h e w a v e l e n g t h 
o f e x c i t i n g l i g h t a n d c a r e f u l i s o l a t i o n o f t h e e m i t t e d r a d i a t i o n . 
T h e s e a n d s e v e r a l o t h e r a d v a n t a g e s o f f l u o r o m e t r y a s a n a n a l y t i c a l 
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t o o l a r e l i m i t e d b y t w o f a c t s o f e x t r e m e p r a c t i c a l i m p o r t a n c e . O n e i s 
t h a t t h e r e l a t i o n b e t w e e n e m i t t e d i n t e n s i t y a n d c o n c e n t r a t i o n o f t h e 
e m i t t i n g s p e c i e s i s l i n e a r o n l y a t v e r y l o w c o n c e n t r a t i o n s ( s e e A p p e n d i x ) . 
T h u s o n e h a s t o o p e r a t e w i t h " b e n t " c a l i b r a t i o n c u r v e s . A s s u c h t h i s 
d o e s n o t m a k e a d e t e r m i n a t i o n i m p o s s i b l e b u t i t i s n o t a p r e f e r r e d 
s i t u a t i o n . T h e o t h e r l i m i t i n g c o n d i t i o n a r i s e s f r o m t h e p h e n o m e n o n o f 
q u e n c h i n g . F l u o r e s c e n t o u t p u t o r e m i s s i o n i s o f t e n d e c r e a s e d , t h a t i s , 
q u e n c h e d b y c o m p o u n d s w h i c h a r e o t h e r w i s e o p t i c a l l y i n a c t i v e . U n l e s s 
s u c h q u e n c h e r s a r e c o m p l e t e l y m a t c h e d i n e f f e c t a n d c o n c e n t r a t i o n i n t h e 
s t a n d a r d s , w r o n g r e s u l t s a r e t o b e e x p e c t e d . T h e m e t h o d o f s t a n d a r d 
a d d i t i o n s c a n c o p e w i t h t h e q u e n c h i n g p r o b l e m b u t i s n o h e l p i n c a s e o f 
c u r v a t u r e o f t h e c a l i b r a t i o n p l o t . S u c h a s i t u a t i o n w h e n d e a l i n g w i t h 
a b s o l u t e m e a s u r e m e n t s i s f r e q u e n t l y f o u n d a n d o f t e n a n i m p r o v e m e n t c a n 
b e a c h i e v e d b y s w i t c h i n g t o a m e t h o d w h e r e o n l y c h a n g e s i n a p a r a m e t e r 
a r e o f i m p o r t a n c e , r a t h e r t h a n a b s o l u t e v a l u e s . T h e a d v a n t a g e s o f s u c h 
a n a p p r o a c h i n t h e f o r m o f a l i n e a r t i t r a t i o n a r e w e l l k n o w n f o r p h o t o ­
m e t r i c d e t e r m i n a t i o n s v e r s u s p h o t o m e t r i c t i t r a t i o n s , t u r b i d i m e t r i c 
d e t e r m i n a t i o n s v e r s u s t u r b i d i m e t r i c t i t r a t i o n s , c o n d u c t i m e t r i c d e t e r m i n a ­
t i o n s v e r s u s c o n d u c t i m e t r i c t i t r a t i o n s , a n d o t h e r s . 
T h e s i t u a t i o n i n c a s e o f f l u o r e s c e n c e i s a n a l o g o u s . I f a l i n e a r 
f l u o r o m e t r i c t i t r a t i o n i s c o m p a r e d w i t h a f l u o r o m e t r i c d e t e r m i n a t i o n i t 
c a n b e s e e n i m m e d i a t e l y t h a t a l e s s t h a n s t r i c t p r o p o r t i o n a l i t y b e t w e e n 
f l u o r e s c e n c e i n t e n s i t y a n d c o n c e n t r a t i o n o f e m i t t i n g s p e c i e s i s o f f a r 
l o w e r c o n s e q u e n c e a n d g r e a t c u r v a t u r e c a n b e t o l e r a t e d a s l o n g a s t h e 
s l o p e c h a n g e o f t h e t i t r a t i o n c u r v e a t t h e e n d p o i n t i s s u f f i c i e n t l y 
p r o n o u n c e d t o p e r m i t c l e a r l o c a t i o n o f t h a t p o i n t . E x t r a p o l a t i o n o f 
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s t r a i g h t l i n e p o r t i o n s a s i n t h e c a s e o f p h o t o m e t r i c t i t r a t i o n s i s l e s s 
i m p o r t a n t h e r e b e c a u s e o n e i s a l m o s t a l w a y s w o r k i n g w i t h i n c o n c e n t r a t i o n 
r a n g e s w h e r e c o n s i d e r a t i o n s o f e q u i l i b r i u m s h i f t s a r e o f m i n o r i m p o r ­
t a n c e . Q u e n c h i n g , u n l e s s e x i s t i n g t o a d e g r e e w h i c h l o w e r s t h e l e v e l o f 
e m i t t e d i n t e n s i t y b e l o w p r a c t i c a l r a n g e s , i s a l s o o f m i n o r i n f l u e n c e . 
T h e o v e r a l l f l u o r e s c e n t l e v e l i s l o w e r a n d w i l l r e s u l t i n a c h a n g e i n 
s l a p e o f t h e t i t r a t i o n c u r v e b u t w i l l h a v e no i n f l u e n c e o n t h e l o c a t i o n 
o f t h e e n d p o i n t b r e a k . C o n s i d e r i n g t h e s e a d v a n t a g e s i t i s r a t h e r 
s u r p r i s i n g t h a t l i n e a r f l u o r o m e t r i c t i t r a t i o n s h a v e n o t f o u n d g r e a t e r 
a n a l y t i c a l a p p l i c a t i o n s . 
F l u o r o m e t r i c t i t r a t i o n s h a v e b e e n a p p l i e d i n many a r e a s , i n c l u d ­
i n g a c i d b a s e , r e d o x , p r e c i p i t a t i o n a n d c o m p l e x a t i o n t i t r a t i o n s . H o w e v e r , 
m o s t o f t h e s e t i t r a t i o n s a r e l o g a r i t h m i c o n e s a n d t h e e n d p o i n t i s d e ­
t e c t e d v i s u a l l y . A s p e c i a l s e t u p i s g e n e r a l l y r e c o m m e n d e d i n o r d e r t o 
f a c i l i t a t e t h e o b s e r v a t i o n o f c h a n g e s i n f l u o r e s c e n t c o l o r o r i n t e n s i t y . 
A t y p i c a l d e v i c e i s d e s c r i b e d b y R u d o l p h e t a l . ( 2 ) . A n o u t l i n e o f t h e 
r e c e n t r a n g e o f a p p l i c a t i o n s i s s h o w n i n t h e H a n d b o o k o f A n a l y t i c a l 
C h e m i s t r y p u b l i s h e d i n 1 9 6 3 ( 3 ) w h i c h c i t e s r e f e r e n c e s f o r 47 t i t r a t i o n s 
f o r m e t a l i o n s a l o n e i n w h i c h a c h a n g e i n f l u o r e s c e n c e i s u s e d t o i n d i ­
c a t e t h e e n d p o i n t . T h i s l i s t i s m e r e l y a n i n d i c a t i o n o f t h e d e v e l o p ­
m e n t s w h i c h h a v e b e e n made i n a s h o r t t i m e a n d a c t i v e r e s e a r c h i n t h i s 
f i e l d h a s p r o d u c e d many m o r e s u c h t i t r a t i o n s s i n c e t h e n . 
B . I n s t r u m e n t a l T i t r a t i o n v s . V i s u a l T i t r a t i o n 
J u s t a s t h e a p p l i c a t i o n o f a p h o t o m e t r i c t i t r a t o r a d d s a n e w 
d i m e n s i o n t o v i s u a l t i t r a t i o n s i n w h i c h a c h a n g e i n c o l o r i s o b s e r v e d , 
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t h e a p p l i c a t i o n o f a f l u o r o t i t r a t o r i n c r e a s e s t h e a n a l y t i c a l p o t e n t i a l 
o f f l u o r e s c e n t t i t r a t i o n s . I n t h e f o l l o w i n g s e c t i o n s s o m e o f t h e t y p e s 
o f t i t r a t i o n s a n d s i t u a t i o n s a r e d i s c u s s e d w h e r e t h e u s e o f a f l u o r o ­
t i t r a t o r h a s g r e a t a d v a n t a g e o v e r v i s u a l e n d p o i n t d e t e r m i n a t i o n a n d i n 
s o m e c a s e s c a n m a k e a n o t h e r w i s e i n f e a s i b l e t i t r a t i o n p o s s i b l e . 
1 . S e l f I n d i c a t i n g T i t r a t i o n s 
I n t h i s c l a s s o f t i t r a t i o n s n o i n d i c a t o r , i n t h e c l a s s i c a l s e n s e 
o f t h e t e r m , i s u s e d . I n s t e a d t h e i n c r e a s e o r d e c r e a s e o f f l u o r e s c e n t 
i n t e n s i t y i s m o n i t o r e d a s t h e t i t r a t i o n p r o c e e d s . S u c h t i t r a t i o n s c a n 
b e u s e d f o r t h e a s s a y o f v e r y l o w c o n c e n t r a t i o n s o f c e r t a i n c o n s t i t u e n t s , 
b y m a k i n g u s e o f t h e c h r o m o g e n i c a g e n t s o t h e r w i s e u s e d a s i n d i c a t o r s . 
I n t h i s c a s e t h e " i n d i c a t o r " i s u s e d a s t h e t i t r a n t a n d f l u o r e s c e n c e w i l l 
b e g i n e i t h e r t o a p p e a r o r t o d i s a p p e a r a s s o o n a s t i t r a n t i s a d d e d , a n d 
t h e p r o c e s s w i l l c o n t i n u e u n t i l a l l o f t h e e l e m e n t o r c o m p o u n d b e i n g 
t i t r a t e d h a s r e a c t e d . F l u o r e s c e n t r e a d i n g s a r e p l o t t e d a g a i n s t t h e 
v o l u m e o f t i t r a n t a d d e d a n d s t r a i g h t l i n e s a r e d r a w n t h r o u g h t w o s e t s 
o f p o i n t s . T h e i n t e r s e c t i o n o f t h e s e t w o l i n e s i s t a k e n a s t h e e n d p o i n t . 
I n t h e c a s e o f u n f a v o r a b l e e q u i l i b r i u m c o n d i t i o n s a p r o n o u n c e d c u r v a t u r e 
w i l l o c c u r i n t h e r e g i o n a r o u n d t h e e n d p o i n t . U n d e r s u c h c i r c u m s t a n c e s 
t h e i n i t i a l s t r a i g h t p o r t i o n a n d t h e s t r a i g h t p o r t i o n f a r b e y o n d t h e e n d 
p o i n t a r e t a k e n a n d e x t r a p o l a t e d t o w a r d s i n t e r s e c t i o n . I f c u r v a t u r e i n 
t h e t i t r a t i o n c u r v e i s d u e t o t h e f a c t t h a t f l u o r e s c e n c e i n t e n s i t y i s 
n o t s t r i c t l y p r o p o r t i o n a l t o t h e c o n c e n t r a t i o n o f t h e s p e c i e s i n v o l v e d 
s u c h e x t r a p o l a t i o n i s n o t p e r m i t t e d . I t i s t h e n n e c e s s a r y t o h a v e a 
p r o n o u n c e d b r e a k i n t h e c u r v e a t t h e e n d p o i n t . 
W h e r e i n t h e c a s e o f c o m p l e x o m e t r i c t i t r a t i o n s , t h e s t a b i l i t y 
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constant of the complex between the chromogenic t i t ran t and species to 
be t i t r a t ed i s too small to allow a good t i t r a t i o n the pos s ib i l i t y 
ex i s t s to add the chromogenic agent in excess and then to t i t r a t e with 
another complex former. Thus a se l f indicat ing system has been created 
and the excess of chromogenic agent sh i f t s the equilibrium of the weak 
complex to the favorable s ide . This technique can be carried one step 
further and the species to be t i t r a ted can be complexed or reacted with 
an excess of a chromogenic agent which forms a very s table complex but 
for one reason or another i s not an acceptable t i t r a n t , e . g . , the 
k ine t ics of the reaction are unfavorable. This new species can then 
be t i t r a ted with a sui table t i t r an t also using the se l f indicat ing tech­
nique. 
2. Minor Constituents and Sequential Ti t ra t ions 
In cer tain cases where impurities or minor consti tuents react 
with the " t i t ran t" in a manner s imilar to that of the major component, 
these constituents can be pret i t ra ted and the t i t r a t i o n continued to 
give an accurate determination of the major consti tuent. In somewhat 
the same manner i t i s possible to t i t r a t e two components to successive 
endpoints. In ei ther case i t would not be possible to detect the i n i t i a l 
change in fluorescence i f the t i t r a t i o n were monitored v i s u a l l y . 
3. Limitat ions Imposed by the Visual Range 
The v i sua l range of color perception i s l imited to a range of 
approximately 400-700 nm with the s e n s i t i v i t y f a l l i n g off dramatically 
near each of these l i m i t s . With the wider ranges of photodetectors an 
instrument i s not bounded by such l i m i t s . Ti t ra t ions can, therefore, 
be carried out when the radiant energy emitted by the solut ion i s above 
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or below the range which w i l l give a v i sua l response. 
Even when the emitted radiation i s within the v i sua l range, large 
differences exis t in the a b i l i t i e s of individuals to see changes in f l u o ­
rescent colors or i n t e n s i t i e s . Under such circumstances an instrumental 
technique which u t i l i z e s a photodetector w i l l provide more precise and 
r e l i ab le means of estimating the endpoint. 
4. Background Color or Fluorescence 
I f the solution to be t i t ra ted has a background color or f luores­
cent contaminant, i t i s d i f f i c u l t , at best , to detect the appearance or 
disappearance of the indicator fluorescence. F o r e x a m p l e , in the t i t r a ­
tion of the f luorescing calcium-calcein complex, i f f luorecein (a common 
impurity in calcein) i s present, a residual fluorescence w i l l remain 
which makes locat ing the endpoint (normally s ignal led by a sharp change 
from fluorescence to non-fluorescence) d i f f i c u l t to see. Other sources 
of op t i ca l interferences include certain p l a s t i c s which fluoresce strong­
l y , residues from detergents, and re f lec t ions of the exci t ing l i g h t off 
the t i t r a t i o n vesse l . 
5. Unfavorable Equilibrium Conditions 
Ti t ra t ions in which the endpoint i s determined v i s u a l l y are gen­
era l ly l imited to "step t i t r a t i ons" where a true indicator system i s 
used. The accuracy and precision of the endpoint depend upon the af­
f i n i t y of the indicator for the t i t rand, the rate of response of the 
indicator and the concentration l eve l s at which the t i t r a t i o n i s car­
ried out. As an example a complexometric t i t r a t i o n may be discussed 
where a metal (M) i s t i t r a t ed with a l igand (L) , and an indicator ( I ) 
i s used which fluoresces in the free form. Upon addition of the i nd i -
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a t o r t h e f o l l o w i n g c o m p l e x a t i o n r e a c t i o n w i l l t a k e p l a c e : 
M + I * = M I ( 1 ) 
A n y f l u o r e s c i n g s p e c i e s w i l l h e r e a n d l a t e r b e m a r k e d b y a n a s t e r i s k . 
T h e s t a b i l i t y c o n s t a n t o f t h e c o m p l e x f o r m e d i s : 
[ M I ] 
1 " [ M ] [ I * ] 
Upon a d d i t i o n o f t i t r a n t t h e f r e e m e t a l w i l l r e a c t a c c o r d i n g t o : 
M + L Z ML (3) 
T h i s c o m p l e x h a s t h e s t a b i l i t y c o n s t a n t : 
K 2 " [ M ] [ L ] ( 4 ) 
I n o r d e r f o r t h e t i t r a t i o n t o p r o c e e d s m o o t h l y h a s t o b e l a r g e r t h a n 
. U n d e r t h e s e c o n d i t i o n s t h e f r e e m e t a l i o n w i l l b e c o m p l e x e d u n t i l 
i t i s a l l c o n s u m e d , t h e n t h e i n d i c a t o r b o u n d m e t a l w i l l b e a t t a c k e d a n d 
t h e r e a c t i o n : 
M I + L Z ML + I * ( 5 ) 
w i l l o c c u r . T h e e q u i l i b r i u m c o n s t a n t f o r t h i s r e a c t i o n i s : 
[ M L ] [ I * ] ^ K 2 ( 6 ) 
K 3 = [ M I ] [ L ] = rr 
Two c o n d i t i o n s m u s t b e m e t i n o r d e r t h a t t h e e n d p o i n t i s s h a r p a n d l o ­
c a t e d c o r r e c t l y : ( 1 ) t h e s t a b i l i t y o f t h e i n d i c a t o r m e t a l c o m p l e x m u s t 
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b e s u f f i c i e n t l y h i g h s o t h a t p r a c t i c a l l y n o f r e e i n d i c a t o r i s l e f t , 
o t h e r w i s e , s o m e f l u o r e s c e n c e w i l l p r e v a i l d u r i n g t h e c o u r s e o f t h e 
t i t r a t i o n , a n d ( 2 ) t h e c o n s t a n t K2 m u s t b e s u f f i c i e n t l y l a r g e r t h a n K-^ 
s o t h a t a t t h e e n d p o i n t t h e m e t a l i s t a k e n a w a y w i t h o u t t h e u s e o f a n 
e x c e s s o f l i g a n d . W h e n e i t h e r o r b o t h o f t h e r e q u i r e m e n t s a r e n o t f u l ­
f i l l e d , t h e s h a r p n e s s o f t h e e n d p o i n t w i l l b e d e c r e a s e d . O f t e n v i s u a l 
l o c a t i o n o f t h e e n d p o i n t i s m a d e d i f f i c u l t o r e v e n i m p o s s i b l e . I f f o l ­
l o w e d i n s t r u m e n t a l l y , h o w e v e r , t h e r e q u i r e m e n t s a r e m u c h l e s s s t r i n g e n t . 
S i m i l a r d i s c u s s i o n s c a n b e m a d e f o r o t h e r t y p e s o f t i t r a t i o n s s u c h a s 
a c i d - b a s e , r e d o x , a n d p r e c i p i t a t i o n . 
C . P h o t o m e t r i c T i t r a t i o n v s . P h o t o m e t r i c D e t e r m i n a t i o n 
A s h a s a l r e a d y b e e n n o t e d i n t h e c a s e s o f q u e n c h i n g a n d n o n -
l i n e a r i t y o f r e s p o n s e a t h i g h e r c o n c e n t r a t i o n s , a f l u o r o m e t r i c t i t r a t i o n 
h a s s i g n i f i c a n t a d v a n t a g e s o v e r a f l u o r o m e t r i c d e t e r m i n a t i o n . S o m e 
o t h e r a d v a n t a g e s o f c o n s e q u e n c e a r e i n c l u d e d i n t h e f o l l o w i n g s e c t i o n s . 
1 . I n s t r u m e n t S t a b i l i t y 
A c e r t a i n d e g r e e o f r a n d o m i n s t a b i l i t y a n d n o i s e a r e o f l e s s 
c o n s e q u e n c e i n a t i t r a t i o n t h a n i n a t e c h n i q u e w h e r e a s i n g l e r e a d i n g 
i s t a k e n . I n a t i t r a t i o n a n u m b e r o f r e a d i n g s a r e n e c e s s a r y t o d e f i n e 
t h e t i t r a t i o n c u r v e , o r i n t h e c a s e o f s e l f - i n d i c a t i n g t i t r a t i o n s , t o 
c o n s t r u c t t h e t w o l i n e s e g m e n t s r e q u i r e d t o d e f i n e t h e e n d p o i n t . T h e s e 
m u l t i p l e r e a d i n g s w i l l a v e r a g e o u t m u c h o f t h e f l u c t u a t i o n a n d m a k e t h e 
f i n a l r e s u l t l e s s l i k e l y t o b e i n e r r o r . 
2 . S t a n d a r d C u r v e s 
S t a n d a r d c u r v e s w h i c h m u s t b e p r e p a r e d b y m e a s u r i n g t h e f l u o r e s -
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cence of a s e r i e s of s tandards and then p l o t t i n g the measurements 
a g a i n s t concentra t ion may not only be "bent" but i f i n c o r r e c t l y app l i ed 
can r e s u l t in s i g n i f i c a n t e r r o r s . I f there a r e even minor changes in 
condi t ions between the s tandards and the t e s t s o l u t i o n s , the r e s u l t i n g 
f l u o r e s c e n c e outputs of two l i k e concentra t ions can be q u i t e d i f f e r e n t 
and r e s u l t in an under or over e s t imat ion of the unknown c o n c e n t r a t i o n . 
On the other hand, in a t i t r i m e t r i c procedure the t i t r a n t i s e i t h e r a 
s tandard or has been s tandard ized e l i m i n a t i n g the need f o r a s tandard 
c u r v e . Thus in a determinat ion a sometimes l a r g e number of parameters 
must be r e p e a t e d l y e s t a b l i s h e d in e x a c t l y the same fash ion or to the 
same d egree . In a t i t r a t i o n the parameters must be only e s t a b l i s h e d to 
the ex tent that they a r e w i t h i n the l i m i t s where the r e a c t i o n proceeds 
c o r r e c t l y and the only requirement i s tha t they remain constant during 
the course of a t i t r a t i o n . Such condi t ions a r e much more e a s i l y ach ieved . 
The vanadium determinat ion d e a l t w i th in P a r t Two i s a v e r y i n s t r u c t i v e 
example f o r such a s i t u a t i o n . 
D. E x i s t i n g Instruments 
A rev iew of the l i t e r a t u r e d i s c l o s e s a number of instruments which 
have been designed to monitor f l u o r e s c e n t t i t r a t i o n us ing photodetect ion 
d e v i c e s . These instruments v a r y w ide ly in des ign and in t h e i r approach 
to des ign problems and requirements inherent in f l u o r e s c e n t a s s a y . The 
s imples t of the instruments was designed by Vecerek and Skovronsky (4) 
and inc ludes a l i g h t s o u r c e , a 100 ml t i t r a t i o n v e s s e l , a f i l t e r and 
p h o t o c e l l . A l l of the components a r e arranged in a s t r a i g h t l i n e wi th 
the f i l t e r s e r v i n g to s e l e c t only the emitted r a d i a t i o n from the sample. 
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A galvanometer i s used to measure the output of the photocel l . 
In another design developed by Clements and Sergeant (5) the 
photodetector i s placed at r ight angle to the incident radiation and 
both primary and secondary f i l t e r s are used. A 125-watt mercury lamp 
provides the exc i t ing energy and a cadmium-selenide photocell converts 
the sample emission into an e l e c t r i c a l s ignal which i s amplified with a 
pair of high gain t ransis tors and displayed on a 100 micro-ampere meter. 
The stated s ens i t i v i t y i s that "one-drop endpoints" are normally possible 
using 0.01 M t i t r an t s . This i s ambiguous since i t gives no information 
on what sort of t i t r an t s and indicators were used. This sys tem i s l i m i t ­
ed to macro-t i t ra t ions. 
Stolyarov, et a l . (6) also used amplif icat ion of the output s i g ­
na l . In this instrument the emission from the sample passes through two 
secondary f i l t e r s and s t r ikes a phototube. I t s output i s amplified by 
a vacuum tube and displayed using a mirror galvanometer. In contrast 
to the previous instrument this one was designed for micro t i t ra t ions . 
Howerton and Wasitewski (7) designed an instrument ca l led the 
"Titracolormat" which makes use of the sens i t i v i ty of a photomultiplier 
tube for detection of radiant energy. The instrument i s the most versa­
t i l e of a l l reviewed, but depends upon a tungsten source which l imi t s 
the exci ta t ion range. The photomultiplier i s connected d i rec t ly to a 
microammeter and no use i s made of ampli f icat ion. 
Murakami and Kimura (8) , and Borle and Briggs (9) modified ex i s t ­
ing fluorometers to accept a buret or other means of introducing t i t ran t 
and a s t i r r e r . 
Two commercial instruments are currently being marketed one by 
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F i s k e A s s o c i a t e s ( 1 0 ) t h e o t h e r C o r n i n g I n s t r u m e n t s ( 1 1 ) . B o t h i n s t r u ­
m e n t s a r e d e s i g n e d t o e x c l u s i v e l y m o n i t o r t h e f l u o r e s c e n t t i t r a t i o n o f 
c a l c i u m u s i n g c a l c e i n a s t h e i n d i c a t o r . T h i s s i n g l e p u r p o s e d e s i g n 
m a k e s t h e i n s t r u m e n t s e s s e n t i a l l y u s e l e s s f o r a n y o f t h e many o t h e r f l u ­
o r e s c e n c e t i t r a t i o n s w h i c h a r e a v a i l a b l e . 
E a c h o f t h e i n s t r u m e n t s r e v i e w e d h a s d e f i c i e n c i e s w h i c h l i m i t i t s 
u s e f u l n e s s t o m o n i t o r f l u o r e s c e n t t i t r a t i o n s . T h e l a c k o f s t a b l e e n e r g y 
s o u r c e s a n d l i m i t e d s e n s i t i v i t y a n d t h e n e c e s s i t y o f p l a c i n g t h e s a m p l e 
i n a s h i e l d e d c o m p a r t m e n t t o p r e v e n t i n t e r f e r e n c e f r o m a m b i e n t l i g h t 
a r e t h e m o s t f r e q u e n t l i m i t a t i o n s . 
E . S t a t e m e n t o f t h e P r o b l e m 
T h e p r o b l e m was t o d e s i g n a n d c o n s t r u c t a n i n s t r u m e n t w h i c h c o u l d 
b e u s e d t o t a k e a d v a n t a g e o f t h e p o t e n t i a l a n a l y t i c a l b e n e f i t s f o u n d i n 
f l u o r e s c e n t t i t r a t i o n s . S u c h a n i n s t r u m e n t r e q u i r e d m o r e t h a n a s i m p l e 
m o d i f i c a t i o n o f a l r e a d y a v a i l a b l e i n s t r u m e n t s t o m e e t c e r t a i n r e q u i r e ­
m e n t s w h i c h w o u l d make i t a n e f f e c t i v e t o o l f o r m o n i t o r i n g v a r i o u s t y p e s 
o f f l u o r e s c e n t t i t r a t i o n s . T h e s e r e q u i r e m e n t s i n c l u d e : 
1 . S t a b i l i t y 
Once a t i t r a t i o n i s i n i t i a t e d , i t i s d i f f i c u l t a n d u n d e s i r a b l e 
( a n d i n many c a s e s i m p o s s i b l e ) t o i n t e r r u p t t h e o p e r a t i o n r e p e a t e d l y t o 
c h e c k t h e i n i t i a l s e t - p o i n t . A n i n s t r u m e n t s h o u l d b e s u f f i c i e n t l y f r e e , 
f r o m d r i f t s o t h a t t h e e n t i r e t i t r a t i o n c a n b e c o m p l e t e d w i t h o u t a s i g ­
n i f i c a n t c h a n g e i n t h e s e t - p o i n t . A l s o , n o i s e s h o u l d b e m i n i m i z e d so 
t h a t t h e r e a d o u t d e v i c e , e i t h e r a m e t e r o r r e c o r d e r , c a n b e r e a d t o t h e 
l i m i t o f i t s s e n s i t i v i t y . T h i s means t h a t a t e c h n i q u e m u s t b e d e v i s e d 
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t o s t a b i l i z e t h e o u t p u t o f t h e r a t h e r h i g h i n t e n s i t y s o u r c e s r e q u i r e d 
o r t o c o m p e n s a t e f o r t h e i r f l u c t u a t i o n . T h i s i s e s p e c i a l l y i m p o r t a n t 
f o r t h o s e s o u r c e s w h i c h i n v o l v e a p l a s m a d i s c h a r g e . T h e s e l a m p s a r e 
i n h e r e n t l y l e s s s t a b l e t h a n , f o r e x a m p l e , a l o w i n t e n s i t y i n c a n d e s c e n t 
s o u r c e , w h i c h c a n b e o p e r a t e d by a v e r y s t a b l e v o l t a g e s u p p l y s u c h a s a 
b a t t e r y . 
2 . S t r a y L i g h t 
S t r a y l i g h t i n t h i s d i s c u s s i o n w i l l b e r e s t r i c t e d t o u n w a n t e d 
r a d i a n t e n e r g y p r o d u c e d b y t h e e x c i t i n g s o u r c e . T h i s p o t e n t i a l i n t e r ­
f e r e n c e c a n b e r e d u c e d o r e l i m i n a t e d b y t h e u s e o f a p r i m a r y f i l t e r t o 
l i m i t t h e w a v e l e n g t h r a n g e o f t h e l i g h t s t r i k i n g t h e s a m p l e a n d a s e c ­
o n d a r y f i l t e r t o i s o l a t e t h e w a v e l e n g t h r a n g e w h i c h s t r i k e s t h e p h o t o -
d e t e c t o r t o t h a t p r o d u c e d b y t h e s a m p l e . 
F u r t h e r s t e p s w h i c h a i d i n t h e e l i m i n a t i o n o f s t r a y l i g h t a r e t o 
make m e a s u r e m e n t s o f s a m p l e e m i s s i o n a t a 9 0 ° a n g l e t o t h e i n c i d e n t r a d i a ­
t i o n , a n d t o s h i e l d a g a i n s t u n f a v o r a b l e i n t e r n a l r e f l e c t i o n s w i t h i n t h e 
i n s t r u m e n t . 
3 . A m b i e n t L i g h t 
One of t h e p r i m a r y c o n s i d e r a t i o n s i n t h e p r o p o s a l o f a new i n s t r u ­
m e n t w a s t h a t i t b e i n s e n s i t i v e t o a m b i e n t l i g h t w i t h o u t e n c l o s i n g t h e 
t i t r a t i o n v e s s e l . T h i s w o u l d a l l o w t h e a n a l y s t t o f o l l o w t h e t i t r a t i o n 
v i s u a l l y a n d u s e v a r i o u s p i e c e s o f a p p a r a t u s w i t h o u t i n t r o d u c i n g r a n d o m 
o r s y s t e m a t i c e r r o r s d u e t o room l i g h t . 
4 . V e r s a t i l i t y a n d C o n v e n i e n c e 
The i n s t r u m e n t m u s t b e d e s i g n e d i n s u c h a way t h a t v a r i o u s w a v e ­
l e n g t h s c a n b e s e l e c t e d f o r d i f f e r e n t t i t r a t i o n s , t h a t e i t h e r m i c r o o r 
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m a c r o t i t r a t i o n s c a n b e p e r f o r m e d w i t h t h e a p p r o p r i a t e b u r e t s a n d t i t r a ­
t i o n v e s s e l s , a n d t h a t a n c i l l a r y d e v i c e s s u c h a s t e m p e r a t u r e c o n t r o l c a n 
b e a d d e d . T h e i n s t r u m e n t m u s t b e e a s y t o u s e so t h a t a n y t e c h n i c i a n c a n 
o p e r a t e i t w i t h o u t a g r e a t d e a l o f i n s t r u c t i o n a n d t r a i n i n g . 
5 . S e n s i t i v i t y 
T h e a m o u n t o f l i g h t e n e r g y d e r i v e d f r o m a f l u o r e s c e n t s a m p l e i s 
r e l a t i v e l y s m a l l . T h e i n s t r u m e n t m u s t b e s u f f i c i e n t l y s e n s i t i v e t o 
m e a s u r e t h i s e m i s s i o n i n t i t r a t i o n s w h e r e t h e f l u o r e s c e n c e i n c r e a s e s o r 
d e c r e a s e s . I t s h o u l d a l l o w m e a s u r e m e n t s i n t h e c o n c e n t r a t i o n r a n g e s 
w h e r e t h e o u t p u t f l u o r e s c e n c e i s p r o p o r t i o n a l t o t h e c o n c e n t r a t i o n o f 
t h e f l u o r o c h r o m e ( s e e A p p e n d i x ) . W h i l e , a s m e n t i o n e d e a r l i e r , t h i s i s 
n o t e s s e n t i a l f o r s u c c e s s f u l t i t r a t i o n , i t w o u l d e n h a n c e t h e v e r s a t i l i t y 
o f t h e i n s t r u m e n t b y a l l o w i n g i t t o b e u s e d f o r c o n v e n t i o n a l f l u o r o m e t r i c 
m e a s u r e m e n t s . 
F . P r e l i m i n a r y I n v e s t i g a t i o n s 
A p r o p o s a l was made f o r a new i n s t r u m e n t w h i c h w o u l d s a t i s f y a l l 
o f t h e r e q u i r e m e n t s . T h e i n i t i a l d e s i g n was b a s e d u p o n a d o u b l e - b e a m 
s y s t e m i n w h i c h a r o t a t i n g c h o p p e r was t o b e u s e d t o s e p a r a t e t h e i n i t i a l 
beam f r o m a h i g h i n t e n s i t y e x c i t i n g s o u r c e i n t o s a m p l e a n d r e f e r e n c e 
b e a m s . T h e r e f e r e n c e beam a n d t h e e m i t t e d e n e r g y f r o m t h e s a m p l e w o u l d 
b e r e c o m b i n e d a t a p h o t o m u l t i p l i e r . T h e r e s u l t i n g s i g n a l s w o u l d b e a m ­
p l i f i e d a n d t h e s a m p l e s i g n a l m e a s u r e d a s a p e r c e n t a g e o f t h e r e f e r e n c e 
s i g n a l , t h e l a t t e r b e i n g d e f i n e d a s 100%. S i n c e t h e a m b i e n t l i g h t was 
c o n s i d e r e d as a c o n s t a n t b a c k g r o u n d a n d s i n c e t h e e l e c t r o n i c s w e r e d e ­
s i g n e d t o m e a s u r e o n l y l i g h t p u l s e s , i t was f e l t t h a t f r e e d o m f r o m t h e 
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i n f l u e n c e of ambient l i g h t could be ach ieved . 
A f t e r c o n s t r u c t i o n of the instrument was s t a r t e d , i t became o b v i ­
ous that some of the i n i t i a l approaches were e i t h e r u n s u i t a b l e or added 
unnecessary complexi ty to the system without improving performance. 
These r e v e l a t i o n s l ed to a number of m o d i f i c a t i o n s of the o r i g i n a l de­
s i g n . Among these m o d i f i c a t i o n s were changes in e l e c t r o n i c s and o p t i c s 
to compensate f o r the f a c t that the ambient background i s , in most c a s e s , 
not constant but i s pulsed a t an even m u l t i p l e of 60 Hz. Others included 
changes in the des ign of the o p t i c a l r e f e r e n c e beam to improve s i m p l i c i t y 
and in the phasing system to r e d u c e c o s t . 
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CHAPTER I I 
THE FLUOROTITRATOR 
T h e c o n s t r u c t i o n o f t h e i n s t r u m e n t w a s c o m p l e t e d i n t w o s t a g e s : 
F i r s t , t h e e l e c t r o n i c s p a c k a g e was c o n s t r u c t e d a n d t h e n s e c o n d l y t h e 
o p t i c s p o r t i o n . T h e c o m p l e t e d c o m p o n e n t s a r e s h o w n i n t h e p h o t o g r a p h i n 
F i g u r e 1 . T h r o u g h o u t d e s i g n a n d c o n s t r u c t i o n , t h e g u i d i n g p r i n c i p l e s 
w e r e s i m p l i c i t y , l o w c o s t , a n d h i g h p e r f o r m a n c e . I f c o m p r o m i s e s h a d t o 
b e m a d e , t h e y w e r e made i n f a v o r o f p e r f o r m a n c e . 
A . O p t i c a l a n d M e c h a n i c a l A s s e m b l y 
T h e o p t i c a l p o r t i o n o f t h e i n s t r u m e n t i s s h o w n d i a g r a m a t i c a l l y i n 
F i g u r e 2 a n d c o n s i s t s o f a n 8 5 - w a t t m e r c u r y l a m p ( A ) , a f o c u s i n g l e n s ( B ) , 
a p r i m a r y f i l t e r ( C ) , a r o t a t i n g c h o p p e r ( D ) w h i c h i s d e t a i l e d i n F i g u r e 
4 , a l e n s s y s t e m (E a n d E ' ) , a t i t r a t i o n v e s s e l ( F ) , a c o l l i m a t i n g t u b e 
(G) w i t h a s e c o n d a r y f i l t e r ( H ) m o u n t e d m i d w a y b e t w e e n t h e c o l l i m a t i n g 
l e n s e s , a n RCA 931A p h o t o m u l t i p l i e r ( I ) , a v a r i a b l e o c c l u d e r ( J ) w h i c h i s 
d e t a i l e d i n F i g u r e 5 , a f i b e r o p t i c b u n d l e ( K ) , a 2 . 5 v p r e f o c u s e d l a m p 
( L ) , a n d t w o p h o t o s e n s i t i v e d i o d e s (M a n d M ' ) . F i g u r e 3 i s a p h o t o g r a p h o f 
t h e o p t i c a l a s s e m b l y . 
A m o d i f i e d d o u b l e - b e a m s y s t e m i s m a i n t a i n e d i n w h i c h t h e r o t a t i n g 
c h o p p e r d i r e c t s r a d i a n t e n e r g y e i t h e r i n t o t h e s a m p l e o r r e f e r e n c e p a t h ­
w a y s . T h e s a m p l e p a t h w a y b e g i n s a t t h e c h o p p e r . T h e r a d i a n t e n e r g y f r o m 
t h e s o u r c e p a s s e s t h r o u g h a n o p e n s e c t o r o f t h e c h o p p e r , t h r o u g h l e n s e s 
E a n d E ' a n d i s f o c u s e d o n t h e c e n t e r o f t h e t i t r a t i o n v e s s e l . T h e e n e r g y 
18 
Figure 1. Photograph of the Completed Fluorotitrator. 
Figure 2. Optical Diagram of Fluorot i t ra tor . 
A—Lamp; C—Primary Filter; D—Chopper; E—Lens System; F—Magnetic Stirrer and 
holder for Titrat ion Vessel; G—Collimating T u b e ; H—Secondary filter; 
I—Photomult ipl ier ;Compartment; J—Optical Occluder; K—Fiber Optics; L—2.5v Lamp; 
M—Photodiode Holders. 
Figure 3. Photograph of the Optical Portion of the Fluorotitrator. 
Sector S— is open and allows energy from the mercury lamp to reach the sample. 
Sector A— is nonreflecting so tha t no energy reaches the detector from the source. 
Sector R— is a reflecting surface which causes energy to pass through the 
reference path. 
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A—Moveabl plate containig a wedge shaped appeture. B—Mountig block C—Fiber optic bundle. 
The moveable appeture allows contiuously varible ilumination of from 0 to 100% of the surface of the fiber optics. 
Figure 5. Detail of the Optical Ocluder. 
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e m i t t e d b y t h e s a m p l e p a s s e s t h r o u g h t h e c o l l i m a t o r a n d t h e s e c o n d a r y 
f i l t e r a n d i s f i n a l l y f o c u s e d o n t h e c a t h o d e o f a p h o t o m u l t i p l i e r . R a d i ­
a n t e n e r g y r e f l e c t e d f r o m t h e p o l i s h e d s e c t o r s o f t h e c h o p p e r i s p i c k e d 
up b y t h e f i b e r o p t i c b u n d l e . T h e v a r i a b l e o c c l u d e r a l l o w s t h e i n t e n s i t y 
o f l i g h t w h i c h r e a c h e s t h e p h o t o m u l t i p l i e r v i a t h e f i b e r o p t i c s t o b e 
a d j u s t e d t o a l e v e l c o m p a r a b l e t o t h a t p r o d u c e d b y t h e s a m p l e . 
S i n c e s a m p l e a n d r e f e r e n c e beams s t r i k e t h e same s p o t o n t h e 
p h o t o m u l t i p l i e r s u r f a c e a l t e r n a t e l y , i t i s n e c e s s a r y t o u s e some t e c h ­
n i q u e t o m a i n t a i n t h e p r o p e r p h a s e r e l a t i o n s h i p a n d t o t r i g g e r t h e e l e c ­
t r o n i c o p e r a t i o n s . A n o p t i c a l s y s t e m was s e l e c t e d w h i c h c o n s i s t s o f a 
l o w i n t e n s i t y l i g h t s o u r c e a n d t w o p h o t o d i o d e s w i t h a v e r y s h o r t r e ­
s p o n s e t i m e . T h i s s y s t e m i s p l a c e d p a r a l l e l t o t h e e x c i t i n g r a d i a t i o n 
p a t h so t h a t e v e r y a c t i o n t a k e n o n t h e e x c i t i n g r a d i a t i o n i s s i m u l t a ­
n e o u s l y t a k e n o n t h e p h a s i n g l i g h t . T h i s a r r a n g e m e n t g u a r a n t e e s t h a t 
t h e s y s t e m w i l l s t a y i n p h a s e n o m a t t e r w h a t c h a n g e s o c c u r i n t h e c h o p ­
p e r s p e e d . T h e o n l y r e q u i r e m e n t i s t h a t t h e c h o p p e r m a i n t a i n i t s p h y s ­
i c a l s y m m e t r y . 
B . E l e c t r o n i c A s s e m b l y 
T h e e l e c t r o n i c p o r t i o n o f t h e i n s t r u m e n t i s c o m p o s e d o f a p r e ­
a m p l i f i e r , t h r e e i n t e g r a t i n g a m p l i f i e r s , a n d t h r e e s w i t c h e s . T h e 
s w i t c h e s a r e t i e d i n t o t h e o p t i c a l p h a s i n g s y s t e m w h i c h i n s u r e s t h a t 
w h e n a g i v e n s e c t o r o f t h e c h o p p e r i s i n t h e e x c i t i n g l i g h t b e a m t h e 
p r o p e r i n t e g r a t i n g a m p l i f i e r i s a c t i v a t e d a n d p e r f o r m s i t s f u n c t i o n . 
T h e f u n c t i o n s o f t h e s e i n t e g r a t o r s a r e : t o ( a ) p r o v i d e e l e c t r o n i c 
c o m p e n s a t i o n f o r a m b i e n t l i g h t w h i c h s t r i k e s t h e p h o t o m u l t i p l i e r , ( b ) t o 
24 
o p e r a t e a n a u t o m a t i c g a i n c o n t r o l o n t h e p r e a m p l i f i e r t o c o m p e n s a t e f o r 
c h a n g e s i n s o u r c e i n t e n s i t y a n d p h o t o m u l t i p l i e r o u t p u t , a n d ( c ) t o 
a m p l i f y t h e a v e r a g e o u t p u t c a u s e d b y t h e s a m p l e s o t h a t i t c a n b e r e a d 
o n a m e t e r o r r e c o r d e r . 
T h e f u n c t i o n d i a g r a m o f t h e e l e c t r o n i c s i s s h o w n i n F i g u r e 6 . 
T h e m o s t i m p o r t a n t f e a t u r e s o f t h i s d e s i g n a r e t h e f o u r o p e r a t i o n a l a m ­
p l i f i e r s ( A l - A 4 ) . ( B u r r B r o w n 3 1 1 2 / 1 2 C ) A l i s t h e p r e a m p l i f i e r w h i c h 
s e r v e s a s a c u r r e n t t o v o l t a g e c o n v e r t e r a n d r e c e i v e s a l l o f t h e o u t p u t 
o f t h e p h o t o m u l t i p l i e r t u b e . A2 i s t h e c e n t r a l c o m p o n e n t o f a n e g a t i v e 
f e e d b a c k l o o p f o r c o m p e n s a t i o n f o r a m b i e n t l i g h t l e v e l s . A3 a m p l i f i e s 
t h e r e f e r e n c e s i g n a l a n d p r o v i d e s a v o l t a g e o u t p u t w h i c h c o m p e n s a t e s f o r 
s o u r c e o r p h o t o m u l t i p l i e r f l u c t u a t i o n . A 4 , t h e s a m p l e a m p l i f i e r , a m p l i ­
f i e s t h e s i g n a l f r o m t h e s a m p l e a n d p r o v i d e s a s i g n a l o u t p u t f o r e i t h e r 
a 100 m i c r o a m m e t e r o r a 1 m i l l i v o l t r e c o r d e r , b o t h o f w h i c h c a n be 
o p e r a t e d s i m u l t a n e o u s l y . 
T h e o p e r a t i o n o f t h e s e s y s t e m s c a n b e b e s t d e s c r i b e d b y a d i s c u s ­
s i o n o f t h e s e q u e n c e o f e v e n t s w h i c h o c c u r a t e a c h p o s i t i o n o f t h e c h o p ­
p e r , ( F i g u r e 4 ) . When t h e o p e n s e c t o r o f t h e c h o p p e r i s i n t h e i n c i d e n t 
b e a m , t h e e x c i t i n g l i g h t s t r i k e s t h e s a m p l e a n d t h e s u b s e q u e n t e m i s s i o n 
i f p i c k e d up b y t h e p h o t o m u l t i p l i e r , t h e o u t p u t o f t h e p h o t o m u l t i p l i e r 
i s m o n i t o r e d b y t h e c u r r e n t t o v o l t a g e c o n v e r t e r A l . S i m u l t a n e o u s l y , 
l i g h t f r o m t h e p h a s i n g l a m p p a s s e s t h r o u g h t h e s e c o n d s e c t o r a n d c a u s e s 
t h e p h o t o d i o d e PD2 t o c o n d u c t , a n d t h e r e b y t o o p e r a t e t h e s w i t c h d r i v e r 
Q 7 - 8 w h i c h c l o s e s t h e s i g n a l s w i t c h Q 4 . T h e 2 fif c a p a c i t o r C4 a s s o c i a t e d 
w i t h t h e s i g n a l a m p l i f i e r A4 t h e n b e g i n s t o c h a r g e u p t o t h e v o l t a g e o u t ­
p u t o f a m p l i f i e r A l . A t t h e n e x t c h o p p e r p o s i t i o n a d a r k s e c t o r b l o c k s 
PHOTOMULTIPLIER 
4 7 0 K 4 7 0 K 
FIGURE 6. ELECTRONIC DIAGRAM OF THE FLUOROTITRATOR. 
26 
o f f a l l o f t h e l i g h t . D u r i n g t h i s p e r i o d t h e p h o t o m u l t i p l i e r d e t e c t s 
o n l y t h e f r a c t i o n o f a m b i e n t l i g h t w h i c h p a s s e s t h r o u g h t h e s e c o n d a r y 
f i l t e r . N e i t h e r o f t h e p h o t o d i o d e s a r e i l l u m i n a t e d s o b o t h t h e s a m p l e 
a n d r e f e r e n c e s w i t c h d r i v e r o u t p u t s a r e a t - 1 5 v . T h e l i k e s i g n a l s a r e 
a l l o w e d t o p a s s t h r o u g h a n " a n d " g a t e a n d o p e r a t e t h e a m b i e n t s w i t c h 
d r i v e r Q 9 - 1 1 w h i c h c l o s e s s w i t c h Q2 a n d a l l o w s t h e 0 . 1 c a p a c i t o r C2 
o f t h e a m b i e n t a m p l i f i e r A 2 t o b e g i n c h a r g i n g t o t h e o u t p u t o f A l . 
F i n a l l y , w h e n a r e f l e c t i n g s u r f a c e o f t h e c h o p p e r i s i n t h e 
i n c i d e n t b e a m , l i g h t i s r e f l e c t e d t h r o u g h t h e o c c l u d e r a n d f i b e r o p t i c 
p a t h t o t h e p h o t o m u l t i p l i e r . S i m u l t a n e o u s l y , l i g h t f r o m t h e p h a s i n g 
l a m p i s r e f l e c t e d t o p h o t o d i o d e P D 1 a l l o w i n g i t t o c o n d u c t a n d d r i v e 
t h e r e f e r e n c e s w i t c h d r i v e r Q 5 - 6 . T h e 2 f iF c a p a c i t o r C 3 a s s o c i a t e d w i t h 
r e f e r e n c e a m p l i f i e r A 3 b e g i n s t o c h a r g e u p t o t h e o u t p u t o f A l . A s t h e 
c h o p p e r r o t a t e s t h i s s e q u e n c e i s r e p e a t e d u n t i l e a c h o f t h e c a p a c i t o r s 
i s c h a r g e d t o t h e o u t p u t o f t h e a m p l i f i e r A l f o r i t s r e s p e c t i v e p h a s e 
o f o p e r a t i o n ; t h i s m a k e s e a c h o f t h e o p e r a t i o n a l a m p l i f i e r s a n i n t e g r a t o r , 
w i t h a n i n t e g r a t i o n p e r i o d e q u a l t o t h e RC c o n s t a n t f o r t h e a s s o c i a t e d 
c a p a c i t o r . T h e i n t e g r a t i o n p e r i o d o f t h e a m b i e n t a m p l i f i e r A2 i s t h e 
s h o r t e s t , a p p r o x i m a t e l y 0 . 0 1 s e c o n d s . I t s a v e r a g e d s i g n a l i s f e d b a c k 
t o t h e s u m m i n g p o i n t o f t h e p r e a m p l i f i e r A l w h i c h f o r c e s t h e s u m o f t h e 
c u r r e n t s a t t h i s p o i n t t o e q u a l z e r o . T h i s h a s t h e e f f e c t o f c a n c e l l i n g 
p h o t o m u l t i p l i e r d a r k c u r r e n t a n d a v e r a g e a m b i e n t l i g h t e f f e c t . 
T h e r e f e r e n c e i n t e g r a t o r A 3 h a s a t i m e c o n s t a n t o f 0 . 2 s e c o n d s . 
T h i s s y s t e m f e e d s b a c k a c o n s t a n t v o l t a g e s i g n a l t h r o u g h r e s i s t o r R l a n d 
t h e f i e l d e f f e c t t r a n s i t o r Q l w h i c h a c t s a s a v o l t a g e c o n t r o l l e d r e s i s t o r . 
T h e o u t p u t o f A l i s g i v e n b y t h e r e l a t i o n E Q = I R f w h e r e R^ = 4 . 9 9 K + 
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RqI ( E Q = v o l t a g e o u t o f A l , I p m = p h o t o m u l t i p l i e r c u r r e n t , = f e e d ­
b a c k r e s i s t a n c e ) . I f t h e r e f e r e n c e o u t p u t i s d e c r e a s e d t h e n Rq^  a n d E Q 
a r e i n c r e a s e d . S h o u l d t h e l a m p i n t e n s i t y o r t h e p h o t o m u l t i p l i e r o u t p u t 
v a r y , t h e g a i n o n p r e a m p l i f i e r A l w i l l b e i n c r e a s e d o r d e c r e a s e d t o 
m a i n t a i n a c o n s t a n t r e f e r e n c e o u t p u t a n d t h i s w i l l a s s u r e t h a t t h e s a m p l e 
o u t p u t w i l l b e i n d e p e n d e n t o f l a m p a n d p h o t o m u l t i p l i e r f l u c t u a t i o n s . 
A p r o t e c t i o n o r l i m i t i n g c i r c u i t i s a l s o i n c l u d e d w h i c h p l a y s no 
r o l e i n n o r m a l o p e r a t i o n s , b u t i f t h e c u r r e n t f r o m t h e p h o t o m u l t i p l i e r 
e x c e e d s t h e n o r m a l o p e r a t i n g l e v e l s t h e l i m i t i n g n e t w o r k w i l l c o n d u c t 
a n d p r o t e c t A l . 
F i n a l l y , t h e c a p a c i t o r a s s o c i a t e d w i t h s a m p l e a m p l i f i e r A4 i s 
c h a r g e d t o t h e o u t p u t o f A l ( t h i s r e q u i r e s a b o u t 1 s e c ) . T h e v o l t a g e 
i s t h e n a m p l i f i e d a n d m e a s u r e d o n a 0 - 1 0 0 m i c r o a m p - m e t e r o r a 1 m i l ­
l i v o l t r e c o r d e r . T h e g a i n o f A4 i s a d j u s t e d w i t h t h e "SET 1 0 0 " c o n t r o l 
c c a n b e v a r i e d f o r a m p l i f i c a t i o n f a c t o r s f r o m 2 t o 5 0 . 
C. D i s c u s s i o n o f D e s i g n P a r a m e t e r s 
The i n i t i a l p r o p o s a l f o r t h e f l u o r o t i t r a t o r I n c l u d e d a n u m b e r o f 
r e q u i r e m e n t s . T h e s e r e q u i r e m e n t s w e r e c o n s i d e r e d n e c e s s a r y f o r a n i n ­
s t r u m e n t t o b e u s e f u l a s a g e n e r a l l a b o r a t o r y t o o l . I n m o s t i n s t a n c e s 
a c o m b i n a t i o n o f o p t i c a l a n d e l e c t r o n i c a p p r o a c h e s w e r e t a k e n t o f u l f i l l 
t h e r e q u i r e m e n t s . 
1 . S t a b i l i t y 
T h e s t a b i l i t y o f t h e i n s t r u m e n t o v e r e x t e n d e d p e r i o d s o f o p e r a t i o n 
i s e n h a n c e d b y t h e f a c t t h a t t h e l i g h t s o u r c e a n d p h o t o m u l t i p l i e r a r e 
c o n s t a n t l y m o n i t o r e d a s a u n i t , a n d a n y c h a n g e s i n o u t p u t a r e a u t o m a t i c a l -
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l y c o r r e c t e d b y e l e c t r o n i c a d j u s t m e n t o f t h e p r e a m p l i f i e r g a i n . 
S t a b i l i t y o f t h e i n s t r u m e n t r e a d o u t i n t e r m s o f l a c k o f r a n d o m 
m e t e r m o v e m e n t i s a c h i e v e d b y t h e i n t e g r a t i o n s t e p b u i l d i n t o t h e s i g n a l -
h a n d l i n g s y s t e m . T h e c h o p p e r r o t a t e s a t 2 4 4 0 r p m ' s w h i c h means t h a t 
d u r i n g t h e o n e s e c o n d i n t e g r a t i o n p e r i o d t h e o u t p u t s e e s 8 1 . 3 i n d i v i d u a l 
s i g n a l s f r o m t h e s a m p l e . 
T h e c o m b i n a t i o n o f t h e s e t w o s t a b i l i z i n g f e a t u r e s a l l o w s t h e u s e 
o f a p u l s e d l i g h t s o u r c e ( t h e m e r c u r y l a m p f i r e s a t 120 H z ) w h i c h w o u l d 
h a v e b e e n i m p o s s i b l e w i t h t h e d e s i g n m e n t i o n e d i n t h e p r e l i m i n a r y e x p e r ­
i m e n t s . 
2 . S t r a y L i g h t 
S t r a y r a d i a t i o n f r o m t h e e x c i t e r l a m p w h i c h m i g h t r e a c h t h e p h o t o -
d e t e c t o r i s m i n i m i z e d o r e l i m i n a t e d b y t h e c o n v e n t i o n a l a r r a n g e m e n t o f 
t h e p h o t o d e t e c t o r a t a 9 0 ° a n g l e f r o m t h e i n c i d e n t r a d i a t i o n a n d b y t h e 
p r o p e r c h o i c e o f p r i m a r y a n d s e c o n d a r y f i l t e r s . 
3 . A m b i e n t L i g h t 
T h e p o s s i b i l i t y o f o p e r a t i o n w i t h t h e s a m p l e e x p o s e d t o r o o m l i g h t 
i s o n e o f t h e m o s t s i g n i f i c a n t f e a t u r e s o f t h e i n s t r u m e n t . E x t e r n a l 
l i g h t c a n o n l y r e a c h t h e p h o t o m u l t i p l i e r b y p a s s i n g t h r o u g h t h e c o l l i m a t o r 
t u b e (G) a n d t h e i n t e r f e r e n c e f i l t e r . T h e i n s t r u m e n t c a s e p r e v e n t s r o o m 
l i g h t w i t h i t s i n t e n s e v i s i b l e c o m p o n e n t f r o m e n t e r i n g t h e c o l l i m a t o r 
d i r e c t l y a n d t h u s s a t u r a t i o n o f t h e p h o t o m u l t i p l i e r i s i m p o s s i b l e . T h e 
i n s i d e o f t h e c o l l i m a t o r t u b e i s p a i n t e d w i t h o p t i c a l b l a c k t o a i d e x ­
c l u s i o n o f i n d i r e c t r a d i a t i o n . T h e u s e o f a n a r r o w b a n d - p a s s s e c o n d a r y 
f i l t e r f u r t h e r l i m i t s t h a t f r a c t i o n o f a m b i e n t l i g h t w h i c h r e a c h e s t h e 
p h o t o m u l t i p l i e r . F i n a l l y , t h e c h o p p e r a n d e l e c t r o n i c s y s t e m s a m p l e s a n d 
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corrects for the remaining fract ion of ambient l i gh t four times in each 
revolution of the chopper, 162. rj times each second. 
4. Convenience and Simpl ic i ty 
The operational convenience of the instrument can be seen in a 
br ief description of the steps necessary to perform a t i t r a t i o n . 
a. Insert primary and secondary f i l t e r s required for the t i t r a t i on 
to be performed. 
b. Turn on the power switch and allow 5 to 10 minutes for the 
mercury lamp to reach maximum in tens i ty . 
c. Turn on the e lectronics power switch. 
d. With a solut ion which fluoresces with equal or stronger 
in tensi ty than i s to be expected in the t i t r a t i o n , set the upper scale 
reading of the meter with the "SET 100" control (Note 1). 
e. With an empty compartment or a non-fluorescing solut ion set 
the lower scale reading with the "SET ZERO" control (Note 2) . 
f. I f necessary, repeat steps D and E u n t i l the same readings 
are obtained (once i s generally enough). 
g. Place a magnetic s t i r r ing bar in the solut ion to be t i t r a t ed , 
and adjust the mixing ra te . 
h. T i t ra te the solut ion by adding increments of t i t ran t and 
reading fluorescence change on the output meter. 
The entire setup and adjustments necessary for a t i t r a t i o n can be 
made in a matter of minutes. 
Note 1: On the i n i t i a l setup of a new t i t r a t i o n i t may be neces­
sary to adjust the reference beam in tens i ty . This i s done by closing the 
var iable occluder u n t i l the meter needle jumps—this i s caused by insuf-
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f i c i e n t r e f e r e n c e e n e r g y t o d r i v e t h e FET Q l ( s e e F i g u r e 4 ) — a n d t h e n 
o p e n i n g i t u n t i l t h e n e e d l e s t a b i l i z e s . A d d i t i o n a l s l i g h t a d j u s t m e n t s 
c a n b e made t o m a x i m i z e t h e s a m p l e s i g n a l . 
N o t e 2 : N o r m a l l y t h e s p a n i s n o t s e t a t z e r o a n d 100 s c a l e d i v i ­
s i o n s b u t a t 10 a n d 8 0 o r 9 0 s c a l e d i v i s i o n s . T h i s a l l o w s a t i t r a t i o n 
t o b e c o m p l e t e d s u c c e s s f u l l y e v e n i f t h e s a m p l e o r b l a n k c o n t a i n s a n 
u n e x p e c t e d f l u o r e s c i n g i m p u r i t y . 
As was m e n t i o n e d i n t h e d i s c u s s i o n o f i n s t r u m e n t o p e r a t i o n , a 
m i c r o - m a g n e t i c m i x e r i s m o u n t e d i n t h e s a m p l e c o m p a r t m e n t w i t h t h e o n -
o f f a n d s p e e d c o n t r o l s l o c a t e d o n t h e f r o n t o f t h e c a s e . T h i s d e v i c e 
c a n p r o v i d e m i x i n g f o r s a m p l e c o n t a i n e r d o w n t o 1 cm i n d i a m e t e r a n d 
s e r v e s a s b a s e f o r m o s t t i t r a t i o n v e s s e l s . I f a n o t h e r t y p e v e s s e l o r 
m o u n t i s d e s i r e d , t h e m i x e r c a n b e r e m o v e d b y u n p l u g g i n g o n e e l e c t r i c a l 
c o n n e c t i o n a n d r e m o v i n g o n e s c r e w . 
F i n a l l y , t h e s i z e o f t h e s a m p l e o r t i t r a t i o n a r e a ( 1 8 x 20 cm) 
a l l o w s t h e o p e r a t o r a g r e a t d e a l o f f r e e d o m i n h a n d l i n g s o l u t i o n s a n d 
m o u n t i n g s p e c i a l a p p a r a t u s . A p h o t o g r a p h o f t h e s a m p l e c o m p a r t m e n t i s 
s h o w n i n F i g u r e 7 w i t h a b u r e t a n d t i t r a t i o n v e s s e l i n p o s i t i o n . 
5 . S e n s i t i v i t y 
I n o r d e r t o o b t a i n a s a t i s f a c t o r y l e v e l o f s e n s i t i v i t y a n 8 5 - w a t t 
f u l l r a n g e m e r c u r y l a m p a n d a p h o t o m u l t i p l i e r d e t e c t o r w i t h a n a m p l i f i e d 
o u t p u t a r e u s e d . I n o r d e r t o g a i n a s m u c h e n e r g y a s p o s s i b l e f r o m t h e 
e x c i t i n g s o u r c e r e l a t i v e l y b r o a d b a n d p a s s f i l t e r s a r e u s e d . T h e s a m p l e 
r a d i a t i o n i s d e t e c t e d b y a p h o t o m u l t i p l i e r . T h e s i g n a l f r o m t h e p h o t o ­
m u l t i p l i e r g o e s t h r o u g h t w o a m p l i f i c a t i o n s t a g e s , f i r s t a t t h e p r e a m p l i ­




C—rod mount ing buret clamps or o ther equ ipmen t 
Figure 7. Photograph of the Sample Compartment of the Fluorotitrator. 
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f i r s t a m p l i f i c a t i o n s t a g e d e p e n d s o n t h e r e f e r e n c e s i g n a l a n d c a n b e i n ­
c r e a s e d b y a d e c r e a s e i n t h e r e f e r e n c e s i g n a l . T h e s e c o n d a m p l i f i c a t i o n 
s t a g e c a n g i v e a n a d d i t i o n a l 5 0 - f o l d i n c r e a s e i n s i g n a l a n d i s c o n t r o l l e d 
b y t h e " S E T 1 0 0 " c o n t r o l . 
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CHAPTER I I I 
PERFORMANCE EVALUATION 
T h e f l u o r o t i t r a t o r was t e s t e d w i t h t i t r a t i o n s t h a t i n v o l v e d t h e 
i n c r e a s e a n d t h e d e c r e a s e i n f l u o r e s c e n t i n t e n s i t y . 
A . T i t r a t i o n o f C o p p e r 
T h e i n i t i a l p r o c e d u r e a t t e m p t e d u s i n g t h e f l u o r o t i t r a t o r w a s t h e 
t i t r a t i o n o f c o p p e r w i t h EDTA t o a c a l c e i n e n d p o i n t . I n t h i s t i t r a t i o n 
t h e c o p p e r c a l c e i n c o m p l e x i s n o n - f l u o r e s c e n t b u t a s t h e c o p p e r i s c o m -
p l e x e d b y t h e t i t r a n t t h e s t r o n g l y f l u o r e s c i n g f r e e c a l c e i n i s r e l e a s e d . 
T h e f l u o r e s c e n t i n t e n s i t y i n c r e a s e s u n t i l a l l o f t h e c o p p e r i s c o m p l e x e d 
a t w h i c h p o i n t t h e f l u o r e s c e n t i n t e n s i t y r e m a i n s c o n s t a n t a s t i t r a n t i s 
a d d e d . 
T h e p r i m a r y f i l t e r e m p l o y e d h a s a p e a k t r a n s m i t t a n c e a t 4 8 0 nm 
a n d t h e s e c o n d a r y f i l t e r i s a n a r r o w b a n d p a s s i n t e r f e r e n c e f i l t e r w i t h 
a p e a k t r a n s m i t t a n c e a t 5 2 0 n m . T h e t i t r a t i o n v e s s e l e m p l o y e d i n t h i s 
s e r i e s o f t i t r a t i o n s w a s a 20 m l s c i n t i l l a t i o n t u b e . 
R e a g e n t s : 
1 ) Cu S 0 4 - 0 . 0 2 5 F 
2 ) EDTA - 0 . 0 2 5 F 
3 ) C a l c e i n - 10 m g / 1 i n 1 F a m m o n i a b u f f e r pH 8 . 3 
P r o c e d u r e : 
1 ) A d d c o p p e r c o n t a i n i n g s o l u t i o n t o t h e t i t r a t i o n v e s s e l ( N o t e 
1 ) . 
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2) Adjust the volume to a to ta l of 15 ml with buffer containing 
0.1 mg/100 ml ca lce in . 
3) Adjust the instrument to a reading of 80 with a solution 
containing only buffered ca lce in . 
4) Insert the solution to be t i t r a t ed . Start the magnetic 
s t i r re r and adjust the f luoro t i t ra tor to a reading of 10 (Note 2) . 
5) T i t ra te with the appropriate concentration of EDTA and read 
the fluorescence output of the solution after each increment of 
t i t ran t (Note 3) . 
Note 1: The volume of copper containing solut ion to be added 
w i l l depend, of course, on the concentrations of the copper and the EDTA 
used. In the t i t r a t ions performed here in which equal concentrations 
were used 4 ml was the maximum volume which could be employed. 
Note 2: Some care must be exercised not to allow the s t i r r e r to 
run too f a s t . I f the l iqu id vortex i s in the exci t ing beam, errors 
resul t . 
Note 3: At the outset of the t i t r a t i o n the t i t ran t can be added 
in f a i r l y large increments since the instrument reading w i l l not change 
from the o r ig ina l set point u n t i l the EDTA begins to displace the ca lce in 
from the copper-calcein complex. After the f i r s t pos i t ive change of more 
than three scale divis ions occurs the succeeding increments of t i t ran t 
should be much smaller. 
A typ ica l t i t r a t i o n curve i s shown in Figure 8. This curve was the 
f i r s t t i t r a t i o n performed on the instrument and pertains to the t i t r a t i on 
of approximately 0.01 F copper with 0.01 F EDTA. 
A series of t i t r a t i ons were performed on 0.5, 1, and 2 ml al iquots 
.5 
J I L_ 
. 6 .7 . 8 
ml E D T A 0 . 0 1 F 
1.0 1.1 1.2 1.3 1.4 
Figure 8. Titration Curve Involving the Appearance of Fluorescence Using the Fluorotitrator. 
(Titration of 0.01 F cu. with 0.01 F EDTA using calcein indicator.) 
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o f 0 . 0 2 5 M c o p p e r u s i n g 0 . 0 2 5 F EDTA. 
B . T i t r a t i o n o f C a l c i u m 
T h e s e c o n d t y p e o f t i t r a t i o n u s e d i n t h e e v a l u a t i o n was o n e i n 
w h i c h t h e d e c r e a s e i n f l u o r e s c e n t i n t e n s i t y was m o n i t o r e d . T h e p r o c e ­
d u r e c h o s e n w a s t h e t i t r a t i o n o f c a l c i u m w i t h EDTA. C a l c e i n w a s u s e d 
a s t h e f l u o r a g e n i c a g e n t . A t a pH a b o v e 10 f r e e c a l c e i n d o e s n o t f l u o ­
r e s c e b u t c a l c i u m f o r m s a f l u o r e s c i n g c o m p l e x . A n e x c e s s o f c a l c e i n 
was e m p l o y e d m a k i n g t h e t i t r a t i o n o n e o f t h e s e l f - i n d i c a t i n g t y p e s . 
T h u s , a s t h e c a l c i u m i s c o m p l e x e d b y EDTA t h e f l u o r e s c e n c e d e c r e a s e s . 
I n t h i s t i t r a t i o n t h e p r i m a r y a n d s e c o n d a r y f i l t e r s a n d t h e t i t r a ­
t i o n v e s s e l s w e r e t h e same a s t h o s e u s e d i n t h e c o p p e r t i t r a t i o n s . S i n c e 
o n e o f t h e r e a s o n s f o r d e v e l o p i n g t h e f l u o r o t i t r a t o r w a s t o s i m p l i f y 
c e r t a i n a n a l y s e s i n b i o l o g i c a l f l u i d s t h e c o n c e n t r a t i o n s o f c a l c i u m u s e d 
w e r e 10 m g / 1 0 0 m l w h i c h i s a p p r o x i m a t e l y t h e same a s t h a t f o u n d i n n o r m a l 
human s e r u m . T h e s a m p l e s i z e a l s o was r e s t r i c t e d t o a m a x i m u m o f 0 . 1 m l 
w h i c h i s a l s o c o m p a t i b l e w i t h a p r o c e d u r e f o r s e r u m c a l c i u m . T h e o p e r a ­
t i o n s i n v o l v e d i n t h e a s s a y a r e i n c l u d e d i n t h e f o l l o w i n g s t e p s : 
1 . P i p e t 0 . 1 m l o f s a m p l e i n t o t h e t i t r a t i o n v e s s e l a n d d i l u t e 
t o a f i n a l v o l u m e o f 15 m l w i t h 0 . 8 F KOH w h i c h c o n t a i n s a p p r o x i m a t e l y 
1 mg c a l c e i n / 1 0 0 m l . 
2 . U s i n g t h e " S E T ZERO" c o n t r o l a d j u s t t h e i n s t r u m e n t t o r e a d 10 
s c a l e d i v i s i o n s w i t h w a t e r i n t h e l i g h t p a t h . 
3 . W i t h t h e "SET 1 0 0 " c o n t r o l a d j u s t t h e i n s t r u m e n t t o a r e a d i n g 
o f 8 0 s c a l e d i v i s i o n s w i t h t h e s o l u t i o n t o b e t i t r a t e d i n t h e l i g h t p a t h . 
4 . T i t r a t e w i t h a n a p p r o p r i a t e c o n c e n t r a t i o n o f EDTA. I n t h i s 
c a s e t h e EDTA c o n c e n t r a t i o n w a s 2 . 3 x 1 0 " ^ F . 
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A t y p i c a l t i t r a t i o n c u r v e i s s h o w n i n F i g u r e 9 . 
T a b l e 1 s h o w s r e s u l t s o b t a i n e d o n r e p l i c a t e t i t r a t i o n s o f t h e 
10 m g / 1 0 0 m l Ca s a m p l e s . T h e s e t i t r a t i o n s w e r e p e r f o r m e d o v e r a t w o - d a y 
p e r i o d a n d i n d i c a t e t h a t q u i t e s a t i s f a c t o r y p r e c i s i o n c a n b e o b t a i n e d 
u s i n g t h e f l u o r o t i t r a t o r . 
T a b l e 1 . R e s u l t s O b t a i n e d f o r R e p l i c a t e D e t e r m i n a t i o n s 
o f C a l c i u m W i t h t h e F l u o r o t i t r a t i o n 
Ca T a k e n mg 
m l 2 . 3 x 1 0 - 4 
EDTA U s e d Ca F o u n d mg 
. 0 1 0 1 . 0 7 . 0 0 9 8 
. 0 1 0 1 . 0 8 . 0 1 0 
. 0 1 0 1 . 0 7 . 0 0 9 8 
. 0 1 0 1 . 1 0 . 0 1 2 
T h e s a m p l e s i z e c a n b e r e d u c e d b y u s i n g a s m a l l e r t i t r a t i o n v e s s e l . A 
v e s s e l c o n t a i n i n g 5 m l o f KOH d i l u e n t a n d . 0 2 5 m l o f s a m p l e i s q u i t e 
c o m p a t i b l e w i t h t h e i n s t r u m e n t . 
C. L i n e a r i t y o f R e s p o n s e 
I t c a n b e s e e n i n F i g u r e s 8 a n d 9 t h a t t h e e x p e c t e d l i n e a r r e ­
s p o n s e i s o b t a i n e d a s t h e c o n c e n t r a t i o n o f t h e f l u o r e s c e n t s p e c i e s i s 
i n c r e a s e d o r d e c r e a s e d . T h i s s h o w s t h a t t h e i n s t r u m e n t r e s p o n d s l i n e a r l y 
w i t h i n t h e c o n c e n t r a t i o n r a n g e s e n c o u n t e r e d i n t h e t i t r a t i o n s p e r f o r m e d . 
I t was f o u n d t h a t n o n l i n e a r r e s p o n s e c u r v e s w e r e g e n e r a t e d as e x p e c t e d 
w h e n c o n c e n t r a t i o n s o f f l u o r e s c i n g s o l u t i o n s b e c a m e t o o h i g h . T h e d i f ­
f i c u l t y w a s s o l v e d e m p i r i c a l l y a n d q u i c k l y b y d e v e l o p i n g a f l u o r e s c e n c e 
c u r v e o f f l u o r e s c e n c e i n t e n s i t y v s . m l o f r e a g e n t . T h e c o n c e n t r a t i o n s 
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w e r e a d j u s t e d s o t h a t t h e t i t r a t i o n s w e r e p e r f o r m e d w i t h i n t h e r e g i o n 
o f l i n e a r f l u o r e s c e n c e o u t p u t . 
D. S t a b i l i t y 
T h e s t a b i l i t y o f t h e i n s t r u m e n t was c h e c k e d o v e r v a r i o u s t i m e 
s p a n s a t m a x i m u m s e n s i t i v i t y . U n d e r t h e s e c o n d i t i o n s t h e v o l t a g e a p p l i e d 
t o t h e p h o t o m u l t i p l i e r t u b e w a s a t t h e m a x i m u m ( 1 5 0 0 v ) a n d t h e o p t i c a l 
o c c l u d e r was c l o s e d a s f a r a s p o s s i b l e t o d r i v e t h e c u r r e n t - t o - v o l t a g e 
c o n v e r t e r A l t o i t s m a x i m u m g a i n . A t y p i c a l r e s u l t s h o w e d a d r i f t o f 
6 s c a l e d i v i s i o n s o v e r a t h r e e h o u r p e r i o d . B a s e d o n a n i n i t i a l s c a l e 
s e t t i n g o f 80 t h i s c o r r e s p o n d e d t o a d r i f t o f a p p r o x i m a t e l y 2 p e r c e n t 
p e r h o u r . S i n c e a t i t r a t i o n i s s t a r t e d a n d c o m p l e t e d i n a m a t t e r o f 
m i n u t e s t h i s d r i f t i s n o t s i g n i f i c a n t . A l s o , s u c h e x t r e m e g a i n a d j u s t ­
m e n t s a r e s e l d o m n e c e s s a r y . 
A t t h e s e t t i n g s d e s c r i b e d a b o v e r a n d o m f l u c t u a t i o n n e v e r e x c e e d e d 
1% o f f u l l s c a l e . 
E . C o n v e n i e n c e a n d V e r s a t i l i t y 
A n u m b e r o f q u a l i t a t i v e t e s t s h a v e b e e n p e r f o r m e d o n t h e i n s t r u ­
m e n t i n c h e c k i n g l i m i t s o f p e r f o r m a n c e a n d p o s s i b l e a p p l i c a t i o n s . T h e 
s a m p l e c o n t a i n e r s i z e f o r f l u o r e s c e n t m e a s u r e m e n t s i s l i m i t e d a t o n e 
e x t r e m e b y t h e 3 mm x 8 mm d i m e n s i o n s o f t h e e x c i t i n g l i g h t beam a n d a t 
t h e o t h e r e x t r e m e b y t h e p h y s i c a l a r r a n g e m e n t o f t h e h o l d e r f o r t h e l e n s e s 
E a n d E ' a n d t h e c o l l i m a t i n g t u b e G ( s e e F i g u r e 2 ) . T h e u p p e r e x t r e m e , 
p r a c t i c a l l y , i s a 100 m l b e a k e r b u t r e c t a n g u l a r c e l l s w i t h e v e n l a r g e r 
v o l u m e s c o u l d b e a c c o m o d a t e d . T h e l o w e r e x t r e m e c a n b e r e d u c e d b y a 
r e d u c t i o n o f t h e s i z e o f t h e i n c i d e n t b e a m . M e a s u r e m e n t s h a v e b e e n made 
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o n a s i n g l e d r o p o f c a l c e i n s o l u t i o n s u s p e n d e d f r o m a p i p e t . V a r i o u s 
t y p e s o f t e s t t u b e s a n d d i s p o s a b l e p l a s t i c v i a l s w e r e f o u n d t o b e r e a d i l y 
a c c e p t e d b y t h e i n s t r u m e n t . T h e p l a s t i c v i a l s w e r e n o t f a v o r e d a s t i ­
t r a t i o n v e s s e l s s i n c e m o s t w e r e f o u n d t o b e s c r a t c h e d o r m a r r e d i n p a c k ­
a g i n g o r s h i p p i n g . P r e l i m i n a r y e x p e r i m e n t s a l s o i n d i c a t e d t h a t t h e 
i n s t r u m e n t c o u l d b e a p p l i e d t o n e p h e l o m e t r i c m e a s u r e m e n t s a s w e l l a s 
f l u o r e s c e n c e m e a s u r e m e n t s . 
4 
A P P E N D I X A 
I 
o 
w h e r e : 
I = I n t e n s i t y t r a n s m i t t e d 
I 0 = I n c i d e n t i n t e n s i t y 
a = a b s o r p t i v i t y 
b = o p t i c a l p a t h l e n g t h t h r o u g h t h e s o l u t i o n 
c = c o n c e n t r a t i o n 
b* 1 ~ l / l o = 1 - 1 0 a b c = f r a c t i o n o f l i g h t a b s o r b e d 
c . I 0 - I = I 0 ( 1 - 1 0 - a b c ) = a m o u n t o f l i g h t a b s o r b e d 
T h e f l u o r e s c e n t i n t e n s i t y F i s p r o p o r t i o n a l t o t h e q u a n t a o f l i g h t ab 
s o r b e d . 0 = f l u o r e s c e n c e e f f i c i e n c y ( t h e r a t i o o f q u a n t a o f l i g h t ab 
s o r b e d t o q u a n t a e m i t t e d ) . 
d . F = 4>K I o ( l - 1 0 ~ a b c ) 
j - Q - a b c c a n b e e x p a n d e d - l e t a b c = x 
e x = 1 + x + x 2 + x 3 + ' ' ' x 1 1 " 1 + xH 
2 6 n - 1 ! n ! 
10 =
 e l n 10 o r 1 Q X = e 2 . 3 x 
R e l a t i o n o f f l u o r e s c e n c e t o c o n c e n t r a t i o n . 
a I - L 
— = 10 a D C B e e r ' s Law R e l a t i o n 
4 2 
t h e n 
1 0 - a b c = x + ( _ 2 . 3 a b c ) + ( - 2 . 3 a b c ) 2 + • • • ( - 2 . 3 a b c ) n 
2 n ! 
a n d 
( l - 1 0 " a b c ) = 1 - £ l + ( - 2 . 3 a b c ) + ( - 2 . 3 a b c ) 2 + * * * + ( -2.3abc) n J 
I f t h e v a l u e f o r a b c i s l e s s t h a n 0 . 0 0 5 t h e l a t t e r t e r m s i n t h e e x p r e s ­
s i o n c a n b e d r o p p e d a n d 
e . F = k < £ l Q • 2 . 3 a b c 
o r 
F = K c w h e r e K i n c l u d e s t h e c o n s t a n t s 2 . 3 , a , b a n d 0. 
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P A R T T W O 
P H O T O M E T R I C T I T R A T I O N S O F V A N A D I U M W I T H 




A . G e n e r a l R e m a r k s 
T h e d i s c o v e r y o f v a n a d i u m i s a t t r i b u t e d t o S e f s t r o m o f S w e d e n i n 
1 8 3 0 , who named t h e new e l e m e n t i n h o n o r o f V a n a d i s , t h e S c a n d i n a v i a n 
g o d d e s s o f l o v e a n d b e a u t y . T h e c h e m i c a l b e h a v i o r o f t h e e l e m e n t was 
c h a r a c t e r i z e d p r i m a r i l y b y R o s c o e b y 1 8 7 0 . 
The f i r s t t r u e i n d u s t r i a l a p p l i c a t i o n o f t h e e l e m e n t came w i t h 
t h e d i s c o v e r y t h a t w h e n i t was u s e d a s a n a l l o y i n g a g e n t t h e r e w a s a 
m a r k e d i m p r o v e m e n t i n t h e h a r d n e s s o f t o o l s t e e l s a n d a r m o u r p l a t e . W i t h 
t h e a v a i l a b i l i t y o f a n a b u n d a n t s u p p l y o f t h e v a n a d i u m f r o m t h e P a t r o n 
M i n a R a g r a d e p o s i t i n P e r u i t was r a p i d l y a p p l i e d i n t h e a u t o m o t i v e , r a i l 
a n d t o o l - s t e e l i n d u s t r i e s . Some o f t h e o t h e r a p p l i c a t i o n s i n c l u d e u s e a s 
a n a l l o y i n g a g e n t i n t h e t i t a n i u m a n d a l u m i n u m i n d u s t r i e s a n d t h e u s e o f 
v a n a d i u m p e n t o x i d e a s a s u b s t i t u t e f o r p l a t i n u m i n some c a t a l y t i c p r o ­
c e s s e s ( 1 2 ) . 
W h i l e t h e i n d u s t r i a l l y u s e d v a n a d i u m comes f r o m a r e l a t i v e l y f e w 
d e p o s i t s a r o u n d t h e w o r l d , i t i s a common t r a c e e l e m e n t i n i g n e o u s r o c k s . 
I t i s e s t i m a t e d t h a t v a n a d i u m i s p r e s e n t t o t h e e x t e n t o f 0 . 1 5 % o f t h e 
e a r t h ' s c r u s t . T h e e l e m e n t i s o f t e n f o u n d i n s m a l l a m o u n t s i n o r e s s u c h 
as t h o s e o f t i t a n i u m , c h r o m i u m , a n d i r o n , a s w e l l a s i n many p e t r o l e u m 
c r u d e s . T h e w i d e u s e a n d o c c u r r e n c e o f t h i s e l e m e n t , e s p e c i a l l y i n t r a c e 
l e v e l s , p r e s e n t s a n e e d f o r a s i m p l e a n a l y t i c a l m e t h o d f o r t h e d e t e r m i n a -
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t i o n o f v a n a d i u m w h i c h h a s a h i g h d e g r e e o f s e n s i t i v i t y a n d c a n b e a p ­
p l i e d i n v i r t u a l l y a n y l a b o r a t o r y . 
B . E x i s t i n g M e t h o d s 
A l a r g e n u m b e r o f a p p r o a c h e s h a v e b e e n u t i l i z e d f o r t h e a n a l y s i s 
o f v a n a d i u m f o r v a r i o u s s p e c i f i c p u r p o s e s . Among t h e s e a p p r o a c h e s a r e 
p u r e i n s t r u m e n t a l t e c h n i q u e s , s p e c t r o p h o t o m e t r i c d e t e r m i n a t i o n s , a n d 
r e d o x a n d g r a v i m e t r i c a n a l y s e s . 
1. I n s t r u m e n t a l M e t h o d s 
P u r e i n s t r u m e n t a l t e c h n i q u e s i n c l u d e x - r a y f l u o r e s c e n c e , a r c and 
s p a r k e m i s s i o n s p e c t r o s c o p y , n e u t r o n a c t i v a t i o n , mass s p e c t r o s c o p y , a n d 
f l a m e a b s o r p t i o n s p e c t r o s c o p y ( 1 2 ) . As a g e n e r a l s t a t e m e n t t h e s e t e c h ­
n i q u e s o f f e r a h i g h d e g r e e o f s e n s i t i v i t y a n d a g r e a t e r s e l e c t i v i t y f o r 
v a n a d i u m t h a n t h e o t h e r a n a l y t i c a l a p p r o a c h e s . T h e y a r e n o t w i t h o u t 
t h e i r d r a w b a c k s , h o w e v e r . T h e m o s t s i g n i f i c a n t o f t h e s e i s t h e l i m i t e d 
a v a i l a b i l i t y o f t h e s e e x p e n s i v e i n s t r u m e n t s t o many l a b o r a t o r i e s . T h e 
o n e p o s s i b l e e x c e p t i o n i s t h e a t o m i c a b s o r p t i o n s p e c t r o p h o t o m e t e r . T h i s 
t e c h n i q u e , w h i l e p e r h a p s t h e m o s t g e n e r a l l y u s e d o f a l l i n s t r u m e n t a l 
t e c h n i q u e s f o r t r a c e a n a l y s i s , d o e s n o t o f f e r a h i g h d e g r e e o f s e n s i t i v ­
i t y f o r v a n a d i u m . T h e " S t a n d a r d C o n d i t i o n s " a s p u b l i s h e d b y P e r k i n - E l m e r 
C o r p o r a t i o n i n 1 9 7 3 ( 1 3 ) g i v e s a d e t e c t i o n l i m i t o f 1 . 7 f i g / m l a n d s u g ­
g e s t s a p r a c t i c a l w o r k i n g c o n c e n t r a t i o n o f a p p r o x i m a t e l y 100 / i g / m l . I t 
i s a l s o r e p o r t e d t h a t a l u m i n u m a n d t i t a n i u m i n t e r f e r e . 
2 . S p e c t r o p h o t o m e t r i c M e t h o d s 
S p e c t r o p h o t o m e t r i c d e t e r m i n a t i o n s r u n a g a m u t o f c h r o m o p h o r e s 
w i t h v a r y i n g d e g r e e s o f s e n s i t i v i t y a n d p r a c t i c a l u s e f u l n e s s ( 1 4 - 2 5 ) . 
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In addition the tolerance for molybdenum in these techniques was 
re l a t ive ly low, with the phosphotungstic acid method (14) reporting the 
highest tolerance for molybdenum, at a weight ra t io of 200:1. 
3. Photometric Ti t ra t ions 
The only photometric t i t r a t i on technique found in a review of the 
l i t e ra ture involved the t i t r a t i on of vanadium (V) with iron ( I I ) in s u l ­
furic acid solut ion. The absorbance i s monitored at 375 nm or 760 nm 
the wavelengths of which iron ( I I I ) and vanadium (IV) absorb. Three 
modifications of th is method were reported (26-28). None of these has 
an outstanding sens i t i v i t y and while the interference by molybdenum (VI) 
was not studied th is metal can be expected to in terfere ser iously . In 
the modification described by Parab and Murthy (26) chromium (VI) i s 
reported to in te r fe re . The modification of Dikshitulu (27), however, 
permits the sequential t i t r a t i o n of chromium (VI) and vanadium (V). No 
mention i s given of interferences concerning the technique by Namiki 
(28). 
There i s much room for improvement in the direct ion of increasing 
sens i t i v i ty and freedom from interference especia l ly from molybdenum. 
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CHAPTER I I 
PRELIMINARY I N V E S T I G A T I O N S 
T h e f o l l o w i n g i n v e s t i g a t i o n s w e r e c o n d u c t e d i n a n e f f o r t t o 
d e v i s e a p r o c e d u r e w h i c h w o u l d m e e t t h e c r i t e r i a m e n t i o n e d i n t h e p r e ­
c e d i n g s e c t i o n . E m p h a s i s w a s p l a c e d o n t h e d e v e l o p m e n t o f a p h o t o m e t r i c 
t i t r a t i o n f r o m t h e o u t s e t . T h e r e w e r e a n u m b e r o f r e a s o n s f o r t h i s 
d e c i s i o n , t h e p r i n c i p a l o n e b e i n g t h e f a c t t h a t i n p h o t o m e t r i c t i t r a ­
t i o n s g r e a t e r a m o u n t s o f f o r e i g n m a t e r i a l c a n u s u a l l y b e t o l e r a t e d t h a n 
i n p h o t o m e t r i c d e t e r m i n a t i o n s . A n y a b s o r b a n c e e f f e c t s d u e t o f o r e i g n 
m a t e r i a l w i l l o f f s e t a p h o t o m e t r i c d e t e r m i n a t i o n . H o w e v e r , i f a b s o r b ­
a n c e c h a n g e s a r e m e a s u r e d a s i n a p h o t o m e t r i c t i t r a t i o n t h e a n a l y s i s i s 
o f t e n s l i g h t l y e f f e c t e d i f a t a l l . O t h e r r e a s o n s f o r s e l e c t i n g a p h o t o ­
m e t r i c t i t r a t i o n a p p r o a c h o v e r a p h o t o m e t r i c d e t e r m i n a t i o n l i e i n t h e 
a d v a n t a g e s o f a p h o t o m e t r i c t i t r a t i o n o v e r a p h o t o m e t r i c d e t e r m i n a t i o n . 
T h e s e a r e e x a c t l y a n a l o g o u s t o t h o s e d i s c u s s e d i n P a r t O n e , c o n c e r n i n g 
f l u o r o m e t r i c t i t r a t i o n s v e r s u s f l u o r o m e t r i c d e t e r m i n a t i o n s . E m p h a s i s 
w a s p l a c e d o n t w o a r e a s . T h e a r e a o f p r i m a r y c o n c e r n w a s t h e d e v e l o p ­
m e n t o f a s i m p l e , s e n s i t i v e , m e t h o d f o r t h e d e t e r m i n a t i o n o f v a n a d i u m 
w i t h o u t r e g a r d f o r i n t e r f e r e n c e s . S u c h a m e t h o d w o u l d b e i m p o r t a n t 
b e c a u s e o f t h e w i d e n a t u r a l d i s t r i b u t i o n o f v a n a d i u m , o f t e n i n m a t r i c e s 
w h i c h d o n o t o f f e r i n t e r f e r e n c e p r o b l e m s . T h e s e c o n d a r e a o f i n v e s t i g a ­
t i o n w a s t o e n a b l e v a n a d i u m t o b e d e t e r m i n e d i n t h e p r e s e n c e o f m o l y b ­
d e n u m . 
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A . E a r l y E x p e r i m e n t s 
T h e i n i t i a l i n v e s t i g a t i o n s f o l l o w e d a n a p p r o a c h s i m i l a r t o t h a t 
d e s c r i b e d b y F l a s c h k a a n d A b d i n e ( 1 8 ) . I n t h i s p r o c e d u r e v a n a d i u m ( I V ) 
i s t i t r a t e d w i t h EDTA t o a c o p p e r - P A N e n d p o i n t . T h e s e e x p e r i m e n t s w e r e 
n o t p r o d u c t i v e f o r s e v e r a l r e a s o n s : ( i ) T h e e x p e r i m e n t a l c o n d i t i o n s 
s u g g e s t e d f o r t h e v i s u a l t i t r a t i o n s w e r e n o t s u i t a b l e f o r a p p l i c a t i o n 
t o a p h o t o m e t r i c t i t r a t i o n ; ( i i ) t h e s e n s i t i v i t y o f t h e a n a l y s i s p r o v e d 
t o b e l i m i t e d a n d t h e r e f o r e d i d n o t o f f e r p r o m i s e a s a m e t h o d f o r t h e 
d e t e r m i n a t i o n o f t r a c e a m o u n t s o f v a n a d i u m ; ( i i i ) t h e c o n d i t i o n s e m ­
p l o y e d i n t h e p r o c e d u r e c a u s e t h e r e d u c t i o n o f m o l y b d e n u m ( V I ) a l s o w h i c h 
t h e n i n i t s l o w e r o x i d a t i o n s t a t e s i s c o t i t r a t e d . 
A n u m b e r o f o t h e r a p p r o a c h e s w e r e i n v e s t i g a t e d m o s t o f w h i c h f o r 
s i m p l i c i t y w e r e i n i t i a l l y t r i e d a s v i s u a l t i t r a t i o n s ; h o w e v e r n o n e o f t h e m 
h a d t h e d e s i r e d c h a r a c t e r i s t i c s . One i n t e r e s t i n g a p p r o a c h i n v o l v e d a 
d i s p l a c e m e n t r e a c t i o n b e t w e e n v a n a d i u m ( I V ) a n d z i n c i n t h e z i n c - E D T A 
c o m p l e x . T h i s t e c h n i q u e p r o v e d p r o m i s i n g f o r v a n a d i u m b u t o n l y w h e n p r e ­
s e n t i n r e l a t i v e l y h i g h c o n c e n t r a t i o n s . I n a d d i t i o n , t h e r e d u c e d m o l y b ­
d e n u m s p e c i e s a g a i n w e r e c o t i t r a t e d . 
B . T h e A p p l i c a t i o n o f PAR 
T h e r e a g e n t 4 - ( 2 - p y r i d y l a z o ) - r e s o r c i n o l h a s b e e n r e p o r t e d as a 
s e n s i t i v e r e a g e n t f o r t h e c o l o r i m e t r i c d e t e r m i n a t i o n o f v a n a d i u m ( 2 5 , 3 0 -
3 6 ) . P r e l i m i n a r y i n v e s t i g a t i o n s i n d i c a t e d t h e p o s s i b i l i t y o f e m p l o y i n g 
t h i s r e a g e n t a s t h e t i t r a n t i n a s e l f - i n d i c a t i n g p h o t o m e t r i c t i t r a t i o n 
o f v a n a d i u m . I n a d d i t i o n t o f o r m i n g a v e r y i n t e n s l y c o l o r e d c o m p l e x 
w i t h v a n a d i u m ( V ) t h e r e was a p p a r e n t l y n o r e a c t i o n w i t h m o l y b d e n u m ( V I ) 
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u n d e r t h e p r e v a i l i n g c o n d i t i o n s . T h e s e f a c t o r s p r o m i s e d t o a l l o w n o t 
o n l y a v e r y s e n s i t i v e a s s a y f o r v a n a d i u m b u t o n e w h i c h w o u l d b e h o p e f u l l y 
i n s e n s i t i v e t o l a r g e a m o u n t s o f m o l y b d e n u m . 
C . D e v e l o p m e n t o f t h e M e t h o d 
T h e r e a c t i o n c o n d i t i o n s n e c e s s a r y t o u t i l i z e PAR a s t h e t i t r a n t i n 
a p h o t o m e t r i c t i t r a t i o n w e r e i n v e s t i g a t e d . 
1. E f f e c t o f pH 
I n i t i a l e x p e r i m e n t s s h o w e d t h a t t h e v a n a d i u m ( V ) - P A R r e a c t i o n d i d 
n o t p r o c e e d a s r e a d i l y a s w o u l d b e n e c e s s a r y f o r a t i t r a t i o n . A c h e c k o f 
t h e pH e f f e c t s o n t h e r e a c t i o n g a v e r i s e t o t h e c u r v e s h o w n i n F i g u r e 1 0 . 
T h e d a t a f o r t h i s c u r v e w e r e s e c u r e d i n t h e f o l l o w i n g m a n n e r : 10 m l o f 
- 4 - 4 
1 x 10 F v a n a d i u m a n d 7 m l o f 1 x 10 F PAR s o l u t i o n s w e r e m i x e d , t h e 
pH was a d j u s t e d , a n d t h e v o l u m e b r o u g h t t o 5 0 m l . T h e a b s o r p t i o n s p e c ­
t r a o f s u c h s o l u t i o n s w e r e o b t a i n e d o n a s c a n n i n g s p e c t r o p h o t o m e t e r o v e r 
t h e w a v e l e n g t h r a n g e b e t w e e n 4 0 0 a n d 7 0 0 n m . 
A n u m b e r o f o b s e r v a t i o n s w e r e m a d e ; ( 1 ) t h e a b s o r b a n c e m a x i m u m 
s h i f t s w i t h a c h a n g e i n p H , ( 2 ) f o r a g i v e n s o l u t i o n t h e a b s o r b a n c e i n ­
c r e a s e s w i t h a n i n c r e a s e i n pH u p t o a b o u t pH 5 . 5 , ( 3 ) a t pH v a l u e s 
a b o v e 5 t h e r a t e o f f o r m a t i o n o f t h e v a n a d i u m - P A R c o m p l e x i s m u c h s l o w e r 
t h a n i n t h e pH r a n g e b e t w e e n 4 a n d 5 , ( 4 ) a b s o r b a n c e r e a d i n g s i n t h e 4 1 5 
nm r e g i o n o f t h e s p e c t r u m i n d i c a t e s t h a t s i g n i f i c a n t a m o u n t s o f f r e e PAR 
r e m a i n e d i n t h e s o l u t i o n s a t pH l e v e l s b e l o w 4 a n d a b o v e 6 , e v e n a f t e r 
l o n g s t a n d i n g , a n d ( 5 ) t h e a b s o r b a n c e l e v e l s o f t h e s o l u t i o n s r e m a i n 
c o n s t a n t e v e n a f t e r 24 h o u r s s t a n d i n g w i t h n o c h a n g e s i n w a v e l e n g t h o f 
t h e a b s o r b a n c e m a x i m u m o f a g i v e n s o l u t i o n . M o s t o f t h e o b s e r v a t i o n s 
10 
pH 
jure 10. Effect of pH On the Vanadium-PAR Complex. 
(Absorbance measurements made at 542 nm.) 
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c a n b e e x p l a i n e d b y t h e f i n d i n g s o f K a r p o v a e t a l . ( 3 7 ) who s t a t e d t h a t 
PAR f o r m s f o u r d i f f e r e n t c o m p l e x e s w i t h v a n a d i u m ( V ) i n t h e pH r e g i o n 
1 - 8 : VORH+, V 0 2 R H , VOR, a n d V 0 2 R ~ , w h e r e PAR i s r e p r e s e n t e d b y R H 2 . 
O f f h a n d , i t w o u l d seem b e s t t o p e r f o r m t h e t i t r a t i o n s a t a pH 
w h e r e t h e s p e c i e s V 0 2 R _ f o r m s e x c l u s i v e l y . T h i s s p e c i e s h a s a r e p o r t e d 
m o l a r a b s o r p t i v i t y o f 3 . 6 x 1 0 4 l i t e r s / m o l e - c m ( 3 7 ) . U n f o r t u n a t e l y , as 
was m e n t i o n e d i n t h e e a r l i e r o b s e r v a t i o n s , t h e f o r m a t i o n o f t h i s c o m p l e x 
t a k e s p l a c e f a r t o o s l o w l y a n d p e r h a p s i s i n t e r f e r e d w i t h t o o s e r i o u s l y 
b y t h e f o r m a t i o n o f t h e V O ^ - . T h e p r e s e n c e o f t h i s s p e c i e s c a n b e d e ­
d u c e d f r o m t h e f i n d i n g s t h a t f r e e PAR i s p r e s e n t i n t h e s o l u t i o n s a t 
h i g h e r pH r a n g e s . I t was p o i n t e d o u t a b o v e t h a t t h e c o m p o s i t i o n o f t h e 
s o l u t i o n was s e l e c t e d t o c o n t a i n a n e x c e s s o f v a n a d i u m . T h e r e f o r e i f a 
1:1 c o m p l e x i s f o r m e d , w h i c h h a s s u f f i c i e n t s t a b i l i t y t o b e u s e d i n a 
t i t r a t i o n , n o f r e e PAR w o u l d n o r m a l l y b e e n c o u n t e r e d . 
C o n s e q u e n t l y , i t was d e c i d e d t o c o n c e n t r a t e o n t h e pH r e g i o n b e l o w 
6 w h e r e t h e s p e c i e s VOR p r e d o m i n a t e s . A n a c e t a t e b u f f e r o f t h e pH r a n g e 
4 . 5 t o 5 . 0 was s e l e c t e d a s t h e t i t r a t i o n m e d i u m b e c a u s e o f i t s h i g h c a ­
p a c i t y a n d e a s e o f p r e p a r a t i o n . O t h e r b u f f e r s y s t e m s i n c l u d i n g p h o s p h a t e 
b u f f e r c o u l d b e u s e d i n t h i s pH r a n g e b u t i n v e s t i g a t i o n o f t h e s e was 
d e f e r r e d u n t i l a w o r k a b l e t i t r a t i o n was d e v e l o p e d . T h e r a t e o f c o m p l e x 
f o r m a t i o n i s h i g h a n d t h e a b s o r p t i v i t y a l t h o u g h s o m e w h a t l e s s t h a n t h a t 
m e n t i o n e d a b o v e i s s t i l l s u f f i c i e n t l y h i g h a t 3 . 3 x 1 0 4 l i t e r s / m o l e - c m . 
T h e f i n a l o b s e r v a t i o n made i n t h i s e x p e r i m e n t i n d i c a t e s t h a t o n c e 
a p a r t i c u l a r s p e c i e s ( o r c o m b i n a t i o n o f s p e c i e s ) h a s f o r m e d , t h e r e i s no 
c h a n g e i n t h e m a k e u p o f t h e s o l u t i o n w i t h t i m e . T h i s g i v e s h o p e t h a t 
a c c u r a t e t i t r i m e t r i c a n a l y s e s w o u l d b e p o s s i b l e e v e n t h o u g h m o r e t h a n o n e 
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c o m p l e x i s f o r m e d . 
2 . W a v e l e n g t h S e l e c t i o n 
T h e a b s o r b a n c e s p e c t r a o f t h e v a n a d i u m - P A R c o m p l e x e s a n d o f f r e e 
PAR a r e s h o w n i n F i g u r e 1 1 . T h e m a g e n t a v a n a d i u m - P A R c o m p l e x VOR s h o w s 
a s i n g l e a b s o r b a n c e m a x i m u m i n t h e v i s i b l e s p e c t r a l r a n g e a t 5 4 2 n m . 
T h e m e a s u r e d a b s o r p t i v i t y u n d e r t h e c o n d i t i o n s s e l e c t e d i s 2 . 9 x 1 0 ^ 
l i t e r s / m o l e - c m w h i c h i s s l i g h t l y l o w e r t h a n t h e v a l u e o f 3 . 3 x 1 0 ^ r e ­
p o r t e d b y K a r p o v a a n d a s s o c i a t e s ( 3 7 ) . As c a n b e s e e n f r o m F i g u r e 1 1 , 
t h e r e i s p r a c t i c a l l y n o i n t e r f e r e n c e f r o m f r e e PAR a t t h e w a v e l e n g t h 
maximum o f t h e v a n a d i u m - P A R c o m p l e x ; t h e r e f o r e , t h i s w a v e l e n g t h was s e ­
l e c t e d a s a p p r o p r i a t e f o r t h e p h o t o m e t r i c t i t r a t i o n o f v a n a d i u m ( V ) w i t h 
PAR. 
D . V a n a d i u m i n t h e P r e s e n c e o f M o l y b d e n u m 
As h a s b e e n m e n t i o n e d e a r l i e r , t h e c h e m i c a l s i m i l a r i t i e s b e t w e e n 
v a n a d i u m a n d m o l y b d e n u m t e n d t o m a k e t h e s e p a r a t i o n o f t h e s e e l e m e n t s 
d i f f i c u l t . T h e p r o b l e m i s c o m p o u n d e d w h e n o n e i s i n t e r e s t e d i n t r a c e 
a m o u n t s o f v a n a d i u m . I n s u c h a c a s e t h e r i s k o f c o n t a m i n a t i o n o r l o s s 
o f m a t e r i a l i s c o n s i d e r a b l y i n c r e a s e d w h e n t h e i n c o r p o r a t i o n o f a s e p ­
a r a t i o n i n c r e a s e s t h e n u m b e r o f s t e p s . 
T h e i n i t i a l o b s e r v a t i o n s t h a t m o l y b d e n u m ( V I ) d o e s n o t f o r m a 
c o l o r e d c o m p l e x w i t h PAR c o u l d b e t a k e n t o i m p l y t h a t v a n a d i u m c o u l d b e 
r e a d i l y d e t e r m i n e d i n t h e p r e s e n c e o f m o l y b d e n u m . When t i t r a t i o n s w e r e 
p e r f o r m e d i n t h e p r e s e n c e o f m o l y b d e n u m ( V I ) i t w a s f o u n d , h o w e v e r , t h a t 
a s t h e m o l y b d e n u m c o n c e n t r a t i o n i n c r e a s e s , t h e r a t e o f t h e v a n a d i u m - P A R 
c o l o r f o r m a t i o n d e c r e a s e s a n d t h e s h a p e o f t h e t i t r a t i o n c u r v e d e t e r i o -
.6 Curve A - F r e e PAR 
Curve B-Vanad ium-PAR complex 
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r a t e s . 
T h e m o s t r e a s o n a b l e e x p l a n a t i o n f o r t h i s s i t u a t i o n i s t h e f o r m a ­
t i o n o f h e t e r o p o l y a c i d s b e t w e e n m o l y b d a t e s a n d v a n a d a t e s . I t c a n r e a d ­
i l y b e c o n c l u d e d f r o m e q u i l i b r i u m c o n s i d e r a t i o n s t h a t w i t h i n c r e a s i n g 
c o n c e n t r a t i o n s o f m o l y b d e n u m m o r e a n d m o r e o f t h e v a n a d i u m w i l l b e t i e d 
u p a s t h e h e t e r o p o l y a c i d a n d w i l l b e u n a v a i l a b l e f o r t h e f o r m a t i o n o f 
t h e PAR c o m p l e x . 
I t was f o u n d t h a t u n d e r t h e c o n d i t i o n s s e l e c t e d f o r t h e t i t r a t i o n 
o f v a n a d i u m a l o n e a t h r e s h o l d v a l u e f o r m o l y b d e n u m e x i s t e d b e l o w w h i c h 
vanad ium c o u l d b e t i t r a t e d w i t h o u t a d v e r s e e f f e c t s . T h i s t h r e s h o l d v a l u e 
i s a m o l a r r a t i o o f 3 0 0 : 1 o f m o l y b d e n u m o v e r v a n a d i u m . T h i s c o r r e s p o n d s 
t o a w e i g h t r a t i o o f 5 7 0 : 1 . W h i l e t h i s t o l e r a n c e l e v e l f o r m o l y b d e n u m 
m a r k s a s i g n i f i c a n t i m p r o v e m e n t o v e r m o s t t e c h n i q u e s w h i c h h a v e b e e n 
p r o p o s e d f o r t h e d e t e r m i n a t i o n o f v a n a d i u m , a n u m b e r o f i n v e s t i g a t i o n s 
w e r e c a r r i e d o u t i n a n e f f o r t t o i n c r e a s e t h e a l l o w a b l e e x c e s s s t i l l 
f u r t h e r . 
1 . T e m p e r a t u r e 
S i n c e t h e e f f e c t o f m o l y b d e n u m i s t o d e c r e a s e t h e r a t e o f r e a c t i o n 
o f v a n a d i u m w i t h PAR t h e m o s t o b v i o u s f i r s t a p p r o a c h was t o i n c r e a s e t h e 
t e m p e r a t u r e o f t h e r e a c t i o n m i x t u r e . A t e m p e r a t u r e c o n t r o l l i n g s y s t e m 
was d e v i s e d f o r u s e w i t h t h e p h o t o t i t r a t o r w h i c h w o u l d h e a t t h e r e a c t i o n 
m i x t u r e t o a d e s i r e d l e v e l a n d h o l d t h e t e m p e r a t u r e t o w i t h i n + 0 . 2 ° C , 
U s i n g t h i s d e v i c e , t i t r a t i o n s w e r e p e r f o r m e d a t t e m p e r a t u r e s u p t o 4 0 ° C . 
A t h i g h e r t e m p e r a t u r e s b u b b l e f o r m a t i o n o n t h e p r o b e o f t h e s e m i - i m m e r s i o n 
p h o t o t i t r a t o r b e c a m e s o p r o n o u n c e d t h a t t i t r a t i o n s w e r e n o t f e a s i b l e . I n 
o r d e r t o e v a l u a t e t h e e f f e c t o f e v e n h i g h e r t e m p e r a t u r e s s o l u t i o n s w e r e 
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heated external ly to the photot i t ra tor , allowed to cool and returned to 
the instrument for measurement. These efforts proved f ru i t l e s s and a l l 
succeeding t i t r a t i ons were performed at room temperature. 
2 . Masking 
Since the tolerance l eve l for molybdenum was not increased by non-
chemical techniques, at tention was then turned toward reducing or e l i m i ­
nating the effect of molybdenum by a masking technique. Hopefully, a 
compound could be found which would preferent ia l ly react with molybdenum 
and leave vanadium free to react with PAR. Toward this end a rather 











Ci t ra te 
Oxalate 
Su l fosa l i cy l a t e 
Ethylenediaminetetraacetic acid 
Quardol N , N , N ' , N ' , tetrakis(2-hydroxypropyl)ethylenediamine 
1,2-diaminocyclohexane-N,N,N 1 ,N 1 -tetraacetic acid 
Glycerol 
Ethylene g lyco l 
As might be expected, due to the s i m i l a r i t i e s of the two compounds 
of interest i t was found that both vanadium and molybdenum reacted with 
most of the compounds tested in a s imilar fashion. A few compounds 
showed promise; included among these were oxala te , c i t r a t e , succinate, 
EDTA, EGTA and DCTA. Of th is group EDTA proved to be most useful . When 
a succinate buffer was used in place of acetate the rate of color forma-
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t i o n was e n h a n c e d s l i g h t l y ; h o w e v e r , t h i s i m p r o v e m e n t d i d n o t p r o v i d e a 
s u f f i c i e n t r e a s o n t o r e p l a c e t h e a c e t a t e b u f f e r w h i c h h a s a h i g h e r b u f ­
f e r i n g c a p a c i t y . When a n e x c e s s o f e i t h e r o f t h e c o m p o u n d s o t h e r t h a n 
s u c c i n a t e was u s e d , a s i s g e n e r a l l y d o n e i n m a s k i n g p r o c e d u r e s , i t was 
f o u n d t h a t t i t r a t i o n s w e r e d i s r u p t e d . 
I n v i e w o f t h e f a c t t h a t a r e l a t i v e l y h i g h l e v e l o f m o l y b d e n u m 
c a n b e t o l e r a t e d w i t h o u t a n a p p r e c i a b l e e f f e c t o n t h e t i t r a t i o n o f v a n a ­
d i u m i t was d e c i d e d t o e m p l o y t h e t e c h n i q u e o f s u b s t o i c h i o m e t r i c m a s k i n g . 
T h i s t e c h n i q u e i s e x p l a i n e d i n d e t a i l b y F l a s c h k a a n d G a r r e t t ( 3 8 , 3 9 ) . 
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CHAPTER I I I 
EQUIPMENT AND CHEMICALS 
A . I n s t r u m e n t s 
T h e b u l k o f t h e t i t r a t i o n s w e r e p e r f o r m e d o n a p h o t o t i t r a t o r ; 
h o w e v e r , o t h e r p h o t o m e t r i c m e a s u r i n g i n s t r u m e n t s w e r e u s e d f o r c o m p a r a ­
t i v e t i t r a t i o n s a n d f o r i n v e s t i g a t i o n s o f a b s o r b a n c e c h a r a c t e r i s t i c s o f 
t h e v a n a d i u m ( V ) - P A R c o m p l e x . 
1 . S p e c t r o p h o t o m e t e r s 
A b s o r b a n c e c u r v e s w e r e o b t a i n e d w i t h e i t h e r a B a u s c h a n d Lomb 
S p e c t r o n i c 5 0 5 o r a B e c k m a n DB s p e c t r o p h o t o m e t e r . P h o t o m e t r i c t i t r a t i o n s 
w e r e p e r f o r m e d o n t h e B e c k m a n DB a n d a C a r y M o d e l 16 s p e c t r o p h o t o m e t e r . 
T h e C a r y M o d e l 16 was a c c e p t e d a s t h e r e f e r e n c e i n s t r u m e n t f o r d e f i n i t i o n 
o f a b s o r b a n c e v a l u e s a n d f o r d e t e r m i n i n g w h e t h e r o r n o t a s y s t e m a d h e r e d 
t o B e e r ' s l a w . 
2 . P h o t o t i t r a t o r 
T h e F l a s c h k a - B u t c h e r p h o t o t i t r a t o r ( 4 0 ) was t h e o n l y i n s t r u m e n t 
o f t h i s t y p e u s e d . Some p r o b l e m s w e r e e n c o u n t e r e d w i t h t h e a p p l i c a t i o n 
o f t h i s i n s t r u m e n t i n e a r l y t i t r a t i o n s . A c o n s i d e r a b l e n o n - l i n e a r i t y 
was n o t e d a l m o s t f r o m t h e o n s e t o f t h e t i t r a t i o n . When l i n e a r i t y was 
c h e c k e d o n t h e C a r y 16 s p e c t r o p h o t o m e t e r , i t was f o u n d t h a t t h e s o l u t i o n s 
i n v o l v e d s h o w e d g o o d a d h e r e n c e t o B e e r ' s l a w u p t o a n a b s o r b a n c e o f a t 
l e a s t 1 . 0 . T h e a d d i t i o n o f a h e a t a b s o r b i n g f i l t e r t o t h e i n t e r f e r e n c e 
f i l t e r i n t h e p h o t o t i t r a t o r p r o v i d e d a s i g n i f i c a n t i m p r o v e m e n t i n l i n e a r -
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i t y , thus indicat ing the faul t to be with the instrument. Long wave­
length stray l i g h t passes through the monochromating f i l t e r and reaches 
the detector. The photodiode used as the detector i s extremely sensi ­
t i ve in the long wavelength region and thus severe non-monochromacy i s 
created. The problem was fu l ly eliminated by using interference f i l t e r s 
that are blocked to i n f i n i t y on the long wavelength s ide . 
3. pH Meters 
A l l pH measurements, except one set , were made on a Corning Model 
7 pH meter. The set of measurements excepted involved t i t r a t ions at 
various pH leve l s and a Corning Model 12 pH meter was used because of i t s 
higher l eve l of s t a b i l i t y and accuracy. The pH meters were standardized 
with Beckman standard buffers at ei ther pH 4.01, 7.00, or 9.18 as appro­
pr ia te for the measurements needed. 
4. Glassware 
The usual glassware such as beakers, f l a s k s , e t c . , were used as 
needed. For volumetric measurements Class A volumetric glassware was 
used exclus ively and without addit ional ca l ib ra t ion . 
Glassware washing procedures generally involved a detergent wash 
and rinse with tap water, then a f i n a l r inse with deionized d i s t i l l e d 
water. The f i n a l r inse was repeated f ive times with a minimum volume 
equal to 10% of the container volume. 
B. Reagents and Solutions 
1. A l l water used in the t i t r a t ions and in preparing and di lu t ing 
reagents and solutions was ei ther doubly deionized or d i s t i l l e d and de-
ionized. 
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2. A l l r e a g e n t s u s e d met ACS a n a l y t i c a l r e a g e n t s p e c i f i c a t i o n s . 
I n e v e r y i n s t a n c e p o s s i b l e , B a k e r A n a l y z e d R e a g e n t s w e r e u s e d , and w i t h ­
o u t f u r t h e r p u r i f i c a t i o n . The f o l l o w i n g l i s t i n c l u d e s t h e m a j o r r e ­
a g e n t s u s e d and t h e m e t h o d o f p r e p a r i n g t h e i r s o l u t i o n s . A number o f 
m e t a l s a l t s a s w e l l a s c h e l a t i n g a g e n t s w e r e t e s t e d i n v a r i o u s p h a s e s 
o f t h e i n v e s t i g a t i o n s . The s o l u t i o n s o f t h e s e r e a g e n t s w e r e p r e p a r e d 
by s t a n d a r d t e c h n i q u e s and t h e y p l a y e d no r o l e i n t h e f i n a l p r o c e d u r e . 
a . Ammonium Meta V a n a d a t e 
A l l s o l u t i o n s f o r t e s t t i t r a t i o n s w e r e p r e p a r e d f o r t h i s 
r e a g e n t . G e n e r a l l y two c o n c e n t r a t i o n l e v e l s w e r e p r e p a r e d . 
Vanadium S t o c k S o l u t i o n , 1 . 0 0 0 x 1 0 ~ 2 F . W e i g h 1 . 1 6 9 9 grams o f 
ammonium m e t a v a n a d a t e and p l a c e i n t o s o l u t i o n i n a b o u t 5 0 0 t o 700 ml 
o f w a t e r . G e n t l e warming may b e n e c e s s a r y . C o o l t o room t e m p e r a t u r e , 
t r a n s f e r t o a 1 0 0 0 - m l v o l u m e t r i c f l a s k , and d i l u t e t o mark w i t h w a t e r . 
Vanadium Working S o l u t i o n , 1 . 0 0 x 1 0 ~ 4 F . T r a n s f e r 1 . 0 0 ml 
v a n a d i u m s t o c k s o l u t i o n t o a 1 0 0 - m l v o l u m e t r i c f l a s k and d i l u t e t o mark 
w i t h w a t e r . T h i s s o l u t i o n i s u s e d t o d e f i n e t h e c o n c e n t r a t i o n o f t h e 
PAR t i t r a n t and s h o u l d b e p r e p a r e d f r e s h w e e k l y o r a s n e e d e d . 
b . PAR 
The q u a l i t y and a p p a r e n t p u r i t y o f t h e PAR u s e d was f o u n d t o 
v a r y d e p e n d i n g u p o n t h e s o u r c e o f t h e r e a g e n t . Some e f f o r t s w e r e made 
a t r e p r e c i p i t a t i o n and d r y i n g o f t h e m a t e r i a l on h a n d . I t was f o u n d 
t h a t no g r e a t i m p r o v e m e n t was a c h i e v e d . The s t a b i l i t y o f t h e p r e p a r e d 
s o l u t i o n s o f PAR i s e x c e l l e n t . T h e r e f o r e , i t was d e c i d e d t o s t a n d a r d i z e 
t h e PAR t i t r a n t s o l u t i o n s by t i t r a t i o n o f s t a n d a r d v a n a d i u m s o l u t i o n . 
PAR S t o c k S o l u t i o n , 0 . 0 1 F . Weigh 0 . 5 g o f PAR, s l u r r y w i t h 
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a p p r o x i m a t e l y 50 ml R^O and add d r o p w i s e d i l u t e 0 . 0 1 F NaOH t o a c h i e v e 
d i s s o l u t i o n . T r a n s f e r t o a 2 0 0 - m l v o l u m e t r i c f l a s k and d i l u t e t o mark 
w i t h w a t e r . S t a b l e i n d e f i n i t e l y . 
PAR Working S o l u t i o n , 5 x 1 0 ~ 4 F . D i l u t e t h e PAR s t o c k s o l u t i o n 
1 : 2 0 w i t h w a t e r . 
c. Sod ium M o l y b d a t e 
T h i s s a l t was u s e d f o r c h e c k i n g m o l y b d a t e i n t e r f e r e n c e s . P r e ­
p a r e 0 . 1 F s t o c k s o l u t i o n by w e i g h i n g 24 g o f t h e s a l t , p l a c i n g i t 
i n t o a 1 0 0 0 - m l v o l u m e t r i c f l a s k and d i l u t i n g t o t h e mark w i t h w a t e r . 
d. EDTA, 0 . 1 F 
D i s s o l v e 3 7 . 2 grams o f t h e d i s o d i u m s a l t o f EDTA i n w a t e r , 
add a f e w p e l l e t s o f s o d i u m h y d r o x i d e t o h a s t e n d i s s o l u t i o n , d i l u t e t o 
mark i n a 1 0 0 0 - m l f l a s k . From t h i s s t o c k s o l u t i o n , p r e p a r e more d i l u t e 
s o l u t i o n s a s n e e d e d . 
e . A c e t a t e B u f f e r , pH 4 . 8 , 1 F . 
D i s s o l v e 82 g s o d i u m a c e t a t e t r i h y d r a t e i n 8 0 0 ml w a t e r , a d ­




A. The Determination of Vanadium Alone 
1. Procedure 
a. Adjust the pH of the solution to betwen 4.5 and 5.0. 
b. Ad  5 ml of 1 F acetate bufer pH 4.8. 
c. Adjust the volume to a convenient known total volume (Note 1). 
d. Adjust the wavelngth to 542 nm, and the transmitance to 
10% with the initial solution in the light path. 
e. Ad  a smal increment of standardized PAR solution and record 
the absorbance reading (Note 2). 
f. Contiue the additon of increments of PAR and absorbance 
measurements until several (3-5) readings are obtained that are essen­
tialy identical. 
g. Plot measured absorbance versus mililiters of titrant added. 
Detrmine the endpoint as the intersection of the straight line segments 
generated during the initial and final phases of the titration (Note 3). 
Note 1; The final volume wil depend on the concentration of 
vanadium. Final solution concentrations betwen 0.5 and 1.5 fig/ml pro­
vide satisfactory absorbance readings with a 1-cm light path. Total 
volumes of from 20 to 20  ml can be handled conveniently. 
Note 2: The size of the increments of titrant should be quite 
smal in the initial stages of the titration. In general it is pref-
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e r a b l e t o d e f i n e t h e i n i t i a l l i n e s e g m e n t b y t h e t i m e t h e t i t r a t i o n i s 
h a l f w a y t o t h e e n d p o i n t . I f t h e a n a l y s t h a s n o i n d i c a t i o n o f t h e c o n ­
c e n t r a t i o n l e v e l t o b e t i t r a t e d q u i c k p r e t i t r a t i o n o r s c r e e n i s a d v i s ­
a b l e . A f t e r t h e h a l f w a y p o i n t t h e i n c r e m e n t s o f t i t r a n t c a n b e i n ­
c r e a s e d o r a f t e r some e x p e r i e n c e w i t h t h e s y s t e m t h e a n a l y s t c a n make 
s e v e r a l i n i t i a l r e a d i n g s a n d c a n t h e n p r o c e e d d i r e c t l y t o s e v e r a l r e a d ­
i n g s w e l l p a s t t h e e n d p o i n t . 
N o t e 3 : I f a c o n v e n t i o n a l s p e c t r o p h o t o m e t e r i s u s e d t o m o n i t o r 
t h e p r o g r e s s o f t h e t i t r a t i o n a p o r t i o n o f t h e s o l u t i o n b e i n g t i t r a t e d 
m u s t be t r a n s f e r r e d f r o m t h e t i t r a t i o n v e s s e l ( u s u a l l y a b e a k e r ) t o a 
c u v e t a f t e r t h e a d d i t i o n o f e a c h i n c r e m e n t o f t i t r a n t a n d r e t u r n e d t o 
t h e t i t r a t i o n v e s s e l a f t e r t h e a b s o r b a n c e i s m e a s u r e d . T h e a d d i t i o n a l 
s t e p s d o n o t s i g n i f i c a n t l y d e t r a c t f r o m t h e t i t r a t i o n a s l o n g a s n o n e 
o f t h e s o l u t i o n i s l o s t i n t h e t r a n s f e r o p e r a t i o n s . T h e p r e c a u t i o n o f 
p l a c i n g a v e r y l i g h t f i l m o f g r e a s e b e n e a t h t h e p o u r i n g s p o u t o f t h e 
b e a k e r a n d a r o u n d t h e t o p e d g e o f t h e c u v e t w i l l p r e v e n t d r o p l o s s . 
N o t e 4 : T h e e n d p o i n t c a n b e d e t e r m i n e d b y e i t h e r p l o t t i n g t h e 
p o i n t s a n d d r a w i n g t h e b e s t f i t s t r a i g h t l i n e s a s i s s h o w n i n F i g u r e 2. 
o r b y c a l c u l a t i n g t h e s t o p e s a n d i n t e r c e p t s o f t h e l i n e s b y l e a s t s q u a r e s 
a p p r o x i m a t i o n s . T h e t w o l i n e s e g m e n t s a r e y = aix + b ^ a n d y = a 2x + b 2 . 
( b o - b i ) 
A t t h e p o i n t o f i n t e r s e c t i o n aix + b i = aox + b 0 a n d x = -1—= ± L , 
1 1 2 2
 (aX - a 2) 
2 R e s u l t s 
T h e f o l l o w i n g s e c t i o n s p r e s e n t some o f t h e r e s u l t s o b t a i n e d f r o m 
t h e t i t r a t i o n s o f v a n a d i u m i n t h e a b s e n c e o f i n t e r f e r i n g c o m p o u n d s . 
T a b l e s 2 t h r o u g h 4 s h o w d a t a o b t a i n e d w i t h t h r e e d i f f e r e n t i n s t r u ­
m e n t s . T h e p r e c i s i o n , a s i n d i c a t e d b y t h e s t a n d a r d d e v i a t i o n , i s a b o u t 
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T a b l e 2 . T i t r a t i o n s o f V a n a d i u m U s i n g a 
B e c k m a n DB-G S p e c t r o p h o t o m e t e r 
D a t a c o l l e c t e d o v e r a 3 - w e e k p e r i o d . Two d i f f e r e n t PAR s o l u t i o n s 
w e r e u s e d . 
^tg V T a k e n j i g V F o u n d % E r r o r 
5 0 . 9 5 5 0 . 3 3 - 0 . 6 2 1 . 1 2 
5 0 . 5 2 - 0 . 4 3 0 . 8 4 
5 0 . 4 4 - 0 . 5 1 1 . 0 0 
5 2 . 2 2 + 1 . 2 7 2 . 4 9 
5 1 . 2 3 + 0 . 2 8 0 . 5 5 
5 0 . 7 8 - 0 . 1 7 0 . 3 3 
5 1 . 6 6 + 0 . 7 1 1 . 3 9 
5 0 . 7 8 - 0 . 1 7 0 . 3 3 
5 0 . 8 9 - 0 . 0 6 0 . 1 2 
M e a n E r r o r = 0 . 9 2 % 
x = 5 0 . 9 8 
SD = + 0 . 6 2 
L o w e r C o n f i d e n c e L i m i t = 5 0 . 5 7 
U p p e r C o n f i d e n c e L i m i t = 5 1 . 3 9 
L o w e r M a x i m u m P e r c e n t B i a s = - 0 . 8 
U p p e r M a x i m u m P e r c e n t B i a s = + 0 . 8 
a A = (jig F o u n d - fig T a k e n ) 
T a b l e 3 . P h o t o m e t r i c T i t r a t i o n s o f V a n a d i u m U s i n g a 
S e m i - I m m e r s i o n P h o t o t i t r a t o r 
D a t a c o l l e c t e d o v e r a 2 - m o n t h p e r i o d . 
\ig V T a k e n jzg V F o u n d Afig 3 % E r r o r 
5 1 . 4 6 5 1 . 8 3 + 0 . 3 7 0 . 7 2 
5 1 . 2 6 - 0 . 2 0 0 . 3 9 
5 1 . 4 1 - 0 . 0 5 0 . 1 2 
5 0 . 9 7 - 0 . 4 9 0 . 9 5 
5 2 . 1 2 + 0 . 6 6 1 . 2 8 
5 1 . 2 6 - 0 . 2 0 0 . 3 9 
5 1 . 2 6 - 0 . 2 0 0 . 3 9 
5 2 . 7 0 + 1 . 2 4 2 . 4 1 
5 1 . 8 3 + 0 . 3 7 0 . 7 2 
5 1 . 2 6 - 0 . 2 0 0 . 3 9 
5 0 . 6 8 - 0 . 7 8 1 . 5 2 
5 0 . 3 9 - 0 . 0 7 0 . 1 4 
5 0 . 9 7 - 0 . 4 9 0 . 9 5 
x = 5 1 . 4 6 
SD = + 0 . 6 8 
U p p e r C o n f i d e n c e L i m i t = 5 1 . 8 3 
L o w e r C o n f i d e n c e L i m i t = 5 1 . 0 8 
U p p e r M a x i m u m P e r c e n t B i a s = 0 . 7 
L o w e r M a x i m u m P e r c e n t B i a s = - 0 . 7 
a . A = (fig F o u n d - jxg T a k e n ) 
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T a b l e 4 . T h e P h o t o m e t r i c T i t r a t i o n o f V a n a d i u m U s i n g a 
C a r y 1 6 S p e c t r o p h o t o m e t e r 
D a t a c o l l e c t e d o v e r a 1 - m o n t h p e r i o d . Two c o n c e n t r a t i o n s o f PAR 
w e r e u s e d . 
fig V T a k e n fig V F o u n d E r r o r 
5 0 . 5 4 4 9 . 9 2 - 0 . 6 2 1 . 2 3 
4 9 . 8 3 - 0 . 7 1 1 . 4 0 
4 9 . 8 1 - 0 . 7 3 1 . 4 4 
5 1 . 0 1 + 0 . 4 7 0 . 9 3 
5 0 . 7 9 + 0 . 2 5 0 . 4 9 
5 0 . 6 2 + 0 . 0 8 0 . 1 6 
5 0 . 5 5 + 0 . 0 1 0 . 0 2 
5 0 . 9 7 + 0 . 4 3 0 . 8 0 
5 1 . 4 5 - 0 . 0 9 0 . 1 8 
5 1 . 7 9 + 0 . 2 5 0 . 4 9 
5 1 . 2 7 + 0 . 7 3 1 . 4 4 
5 1 . 7 9 + 1 . 2 5 2 . 4 7 
5 0 . 7 6 + 0 . 2 2 0 . 4 4 
4 9 . 7 1 - 0 . 8 3 1 . 6 4 
5 0 . 4 3 - 0 . 1 1 0 . 2 2 
5 0 . 7 6 + 0 . 2 2 0 . 4 4 
x = 5 0 . 6 5 
SD = 0 . 6 2 
U p p e r C o n f i d e n c e L i m i t = 5 0 . 9 7 
U p p e r M a x i m u m P e r c e n t B i a s = 
L o w e r M a x i m u m P e r c e n t B i a s = 
a . A= (fig F o u n d - fig T a k e n ) 
L o w e r C o n f i d e n c e L i m i t = 5 0 . 3 2 
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t h e same f o r e a c h s e t o f d a t a . T h i s i n d i c a t e s t h a t e q u a l l y g o o d r e ­
s u l t s c a n b e o b t a i n e d w h e t h e r t h e t i t r a t i o n i s p e r f o r m e d o u t s i d e o f t h e 
m e a s u r i n g i n s t r u m e n t a n d t r a n s f e r r e d t o t h e c u v e t o r i s p e r f o r m e d i n 
t h e c e l l o f a s p e c i a l l y d e s i g n e d p h o t o t i t r a t o r . T h e p r e c i s i o n o f t h e 
d a t a i n t h e s e t a b l e s a r e m e a n i n g f u l i n d i c a t o r s o f t h e r e l i a b i l i t y o f 
t h e t i t r a t i o n s i n c e t h e d a t a w e r e c o l l e c t e d o v e r e x t e n d e d t i m e p e r i o d s 
a n d t h u s c o n t a i n e l e m e n t s o f v a r i a t i o n w h i c h w o u l d b e h i d d e n i n s i m p l e 
r e p l i c a t e a s s a y s . 
T h e d a t a i n t h e t a b l e s a l l o w a n e s t i m a t e o f t h e a c c u r a c y . B a s e d 
on t h e number o f d e t e r m i n a t i o n s l i s t e d i t i s p o s s i b l e t o c a l c u l a t e u p p e r 
a n d l o w e r c o n f i d e n c e l i m i t s . T h i s s a y s t h a t o n e c a n s t a t e w i t h 95% 
c e r t a i n t y t h a t t h e m e a n v a l u e o f a n i n f i n i t e n u m b e r o f a s s a y s w i l l f a l l 
w i t h i n t h e s e l i m i t s . When t h i s r a n g e i s c o m p a r e d t o t h e " t r u e " v a l u e , 
i n t h i s c a s e t h e a m o u n t o f v a n a d i u m t a k e n , i t c a n b e s e e n t h a t t h e " t r u e " 
v a l u e l i e s w i t h i n t h e l i m i t s a n d v e r y c l o s e t o t h e mean v a l u e . T h i s 
c o m p a r i s o n i s g i v e n i n t h e t a b l e s i n t h e f o r m o f t h e u p p e r a n d l o w e r 
p e r c e n t b i a s w h e r e t h e d i f f e r e n c e b e t w e e n t h e " t r u e " v a l u e a n d e a c h o f 
t h e l i m i t s i s d i v i d e d b y t h e " t r u e " v a l u e . 
T a b l e 5 s h o w s t h e r e s u l t s o b t a i n e d w h e n t i t r a t i o n s w e r e p e r f o r m e d 
o n a n u m b e r o f c o n c e n t r a t i o n l e v e l s o f v a n a d i u m r a n g i n g f r o m 0 . 5 J i g / m l 
t o 2 / / g / m l . T h e s e r e s u l t s a r e p r e s e n t e d i n t e r m s o f t o t a l a m o u n t s f o u n d . 
A l e a s t s q u a r e s a n a l y s i s o f t h e s e d a t a g i v e s a c o r r e l a t i o n c o e f ­
f i c i e n t b e t w e e n t h e " t r u e " v a l u e s a n d t h e o b s e r v e d r e s u l t s o f 0 . 9 9 9 9 
( 1 . 0 0 ) . 
T h e c o n c e n t r a t i o n r a n g e s h o w n i s a b o u t o p t i m a l f o r t h i s p r o c e d u r e . 
A m o u n t s o f v a n a d i u m a b o v e 100 ^ g c a n b e b r o u g h t i n t o t h i s c o n c e n t r a t i o n 
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T a b l e 5. R e s u l t s O b t a i n e d f r o m T i t r a t i o n s o f V a n a d i u m 
a t V a r i o u s C o n c e n t r a t i o n L e v e l s 
fig T a k e n jig F o u n d % E r r o r 
25.74 25.6 - 0 . 1 4 0.5 
30.57 30.6 + O . O 3 0.1 
35.67 35.6 -o .o 7 0.1 
40.76 41.2 +0.4 4 1.1 
45.86 46.0 + o . i 4 0.3 
50.95 50.9 -o .o 5 0.1 
101.9 103.1 + 1.2 1.1 
L e a s t S q u a r e s R e g r e s s i o n 
S l o p e = I . O I 7 
C o r r e l a t i o n C o e f f i c i e n t = .9999 
a . A= (fig F o u n d - /zg T a k e n ) 
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r a n g e s i m p l y b y ; i n c r e a s i n g t h e t o t a l f i n a l v o l u m e o f t h e s o l u t i o n a n d 
b y i n c r e a s i n g t h e c o n c e n t r a t i o n o f t h e t i t r a n t . S m a l l e r a m o u n t s o f 
v a n a d i u m c a n b e h a n d l e d b y r e d u c i n g t h e f i n a l v o l u m e ; f o r e x a m p l e , 
a f i n a l v o l u m e o f 25 m l i s e a s i l y a c h i e v a b l e a n d w i l l a l l o w t i t r a t i o n s 
o f l e s s t h a n 10 j / g o f v a n a d i u m . I f a p h o t o t i t r a t o r o r v e r s a t i l e s p e c ­
t r o p h o t o m e t e r i s u s e d t h e p a t h l e n g t h c a n b e a d j u s t e d t o a c h i e v e t h e 
same r e s u l t s . T h e c o n c e n t r a t i o n o f t i t r a n t a g a i n s h o u l d b e a d j u s t e d i n 
o r d e r t o b e a b l e t o m e a s u r e t h e a m o u n t o f t i t r a n t a d d e d a c c u r a t e l y . A l l 
t i t r a t i o n s i n t h e s e s t u d i e s w e r e p e r f o r m e d u s i n g e i t h e r a 5 o r 10 m l 
b u r e t . I f a m i c r o b u r e t i s a v a i l a b l e t h e n even m o r e o p t i o n s a r e o p e n 
as f a r a s s a m p l e s i z e a n d t i t r a n t c o n c e n t r a t i o n s a r e c o n c e r n e d . 
T h e e f f e c t o f pH o n t h e r e a c t i o n b e t w e e n v a n a d i u m a n d PAR h a s 
a l r e a d y b e e n n o t e d . W h i l e t h i s c a n c a u s e p a r t i c u l a r d i f f i c u l t i e s i n 
d i r e c t s p e c t r o p h o t o m e t r y d e t e r m i n a t i o n s i t w a s f o u n d t h a t t i t r a t i o n s 
c o u l d b e a c c o m p l i s h e d s u c c e s s f u l l y o v e r a r a t h e r w i d e pH r a n g e a s l o n g 
a s t h e pH r e m a i n e d t h e same d u r i n g t h e c o u r s e o f t h e p a r t i c u l a r t i t r a ­
t i o n b e i n g p e r f o r m e d . T h e r e s u l t s o f a s e r i e s o f t i t r a t i o n s a t d i f ­
f e r e n t pH l e v e l s a r e g i v e n i n T a b l e 6 . T h r e e o f t h e t i t r a t i o n c u r v e s 
a r e s h o w n i n F i g u r e 12 t o d e m o n s t r a t e t h a t a l t h o u g h t h e r e a r e s i g n i f i ­
c a n t c h a n g e s i n i n i t i a l s l o p e s a n d f i n a l a b s o r b a n c e v a l u e s , t h e e n d -
p o i n t s a r e t h e same a n d a r e q u i t e e a s i l y l o c a t e d . A s w a s e x p e c t e d f r o m 
t h e e a r l y i n v e s t i g a t i o n s a t pH l e v e l s a b o v e 5 . 2 t h e r e a c t i o n b e g i n s t o 
d r a g n o t i c e a b l y . A t pH 5 . 8 t h e r a t e o f c o l o r f o r m a t i o n i s so s l o w t h a t 
a t i t r a t i o n r e q u i r e s i n e x c e s s o f o n e h o u r t o b e c o m p l e t e d . F o r t h i s 
e x p e r i m e n t e a c h s o l u t i o n w a s p r e p a r e d b y m i x i n g 10 m l o f 1 . 0 0 x 1 0 - 4 F 
v a n a d i u m s a l t w i t h 5 m l o f a c e t a t e b u f f e r pH 4 . 7 . T h e n t h e pH w a s a d -
70 
Table 6, Effect of pH on Titration of V(v) with PAR 
jxg V Taken V Found pH Start pH End 
50.95 50.9 3
-
6 8 3 . 7 l 
50.7 4.1 0 4.1 3 
51.3 *-26 4.3 
50.9 4.67 -
51.3 5.04 5.07 
51.3 5.43 5.5 
52.6 5.8, 5.93 
53.6 6.22 6.3, 
- 6.6 7.92 
Ml P A R . 
F i g u r e 12. P h o t o m e t r i c T i t r a t i o n C u r v e s o f V a n a d i u m W i t h P A R a t D i f f e r e n t p H L e v e l s . 
h - 1 
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j u s t e d a n d t h e s o l u t i o n b r o u g h t t o a f i n a l v o l u m e o f 50 m l w i t h d i s ­
t i l l e d d e i o n i z e d w a t e r a n d t i t r a t e d w i t h PAR. T h e pH o f t h e s o l u t i o n 
was m e a s u r e d a s e c o n d t i m e i m m e d i a t e l y a f t e r t h e c o m p l e t i o n o f t h e 
t i t r a t i o n . T h e i n a b i l i t y t o o b t a i n a r e s u l t a t pH 6 . 6 i s a t t r i b u t e d 
t o t h e r a t h e r l a r g e c h a n g e i n pH d u r i n g t h e c o u r s e o f t h e t i t r a t i o n . 
B . T h e D e t e r m i n a t i o n o f V a n a d i u m i n t h e 
P r e s e n c e o f M o l y b d e n u m 
1 . P r o c e d u r e 
The p r o c e d u r e u s e d f o r t h e d e t e r m i n a t i o n o f v a n a d i u m i n t h e p r e s ­
e n c e o f up t o a 6 0 0 t i m e s e x c e s s o f m o l y b d e n u m i s e x a c t l y t h e same a s 
f o r v a n a d i u m a l o n e . I f t h e e x c e s s o f m o l y b d e n u m i s m o r e t h a n 6 0 0 : 1 t h e 
f o l l o w i n g s t e p s a r e t o b e t a k e n : 
a . A d j u s t t h e pH o f t h e s o l u t i o n t o b e t w e e n 4 . 5 a n d 5 . 0 
b . A d d s u f f i c i e n t EDTA t o c o m p l e x a l l b u t a n a p p r o x i m a t e l y 
2 0 0 t i m e s e x c e s s o f m o l y b d e n u m ( N o t e 1 ) . 
c . A d d 5 m l o f 1 F a c e t a t e b u f f e r pH 4 . 8 . 
d . A d j u s t w a v e l e n g t h a n d t i t r a t e a s d e s c r i b e d i n t h e p r o c e d u r e 
f o r v a n a d i u m a l o n e . 
N o t e : One t e c h n i q u e w a s f o u n d u s e f u l f o r t h e s u b - s t o i c h i o m e t r i c 
m a s k i n g o f m o l y b d e n u m . T h e s o l u t i o n i s p r e p a r e d e x a c t l y a s d o n e f o r 
v a n a d i u m a l o n e u p t h r o u g h t h e s t e p o f t h e a d d i t i o n o f a c e t a t e b u f f e r . 
A t t h i s p o i n t i n s t e a d o f d i l u t i n g t h e s a m p l e a d d t h e f i r s t i n c r e m e n t o f 
PAR. T h e n a d d f r o m a b u r e t EDTA o f a n a p p r o p r i a t e c o n c e n t r a t i o n u n t i l 
t h e a b s o r b a n c e o f t h e s o l u t i o n i s a m a x i m u m . N e x t , a d d t o t h e s o l u t i o n 
m o l y b d e n u m ( V I ) u n t i l i t i s i n e x c e s s o f t h e v a n a d i u m b y 100 t o 300 
t i m e s . F i n a l l y , d i l u t e t h e s o l u t i o n t o a n a p p r o p r i a t e k n o w n v o l u m e a n d 
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t i t r a t e . 
2. R e s u l t s 
Some r e s u l t s obtained f o r t i t r a t i o n s of vanadium in the presence 
of exces se s of molybdenum a r e shown in Tab le 7. I t might be noted tha t 
there i s some e f f e c t of molybdenum shown as the exces s becomes v e r y 
l a r g e and the l i m i t of u s e f u l n e s s appears to l i e a t an exces s of molyb­
denum over vanadium of about 1 9 , 0 0 0 : 1 . 
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T a b l e 7 . D e t e r m i n a t i o n s o f Vanadium i n t h e P r e s e n c e o f 
V a r i o u s Amounts o f Molybdenum 
R a t i o o f 
| ig V ug V Molybdenum M a s k i n g 
Taken Found A a % E r r o r t o Vanadium A g e n t 
5 1 . 4 5 1 . 2 - 0 . 2 0 . 4 3 8 0 : 1 None 
5 1 . 6 + 0 . 2 0 . 4 5 7 0 : 1 None 
5 0 . 9 - 0 . 5 1 . 0 9 4 0 : 1 EDTA 
5 2 . 6 + 1 . 2 2 . 3 1 8 8 0 : 1 EDTA 
5 3 . 4 + 2 . 0 3 . 9 1 8 8 0 : 1 EDTA 
5 4 . 5 + 3 . 1 6 . 0 4 7 0 0 : 1 EDTA 
5 5 . 6 + 4 . 2 8 . 1 1 8 , 8 0 0 : 1 EDTA 




As might be expected a l i g a n d such as PAR forms complexes q u i t e 
r e a d i l y wi th a number of c a t i o n i c s p e c i e s , some of these a r e i r o n , l e a d , 
copper, c o b a l t , magnesium, and manganese. Any of these s p e c i e s when 
present in s u f f i c i e n t exces s w i l l make the t i t r i m e t r i c endpoint f o r 
vanadium d i f f i c u l t i f not imposs ib le to l o c a t e . The b e s t s o l u t i o n i s 
to use one of s e v e r a l techniques which w i l l a l l o w the s e p a r a t i o n of 
molybdenum and vanadium from these s p e c i e s ( 4 1 ) . 
S p e c i a l c o n s i d e r a t i o n was pa id to chromium (VT) and tungsten ( V I ) . 
In the case of chromium t h e r e i s no i n t e r f e r e n c e w i th the r e a c t i o n i t ­
s e l f ; however, the y e l l o w c o l o r of the chromate s o l u t i o n s does c r e a t e a 
background which i f the c o n c e n t r a t i o n i s too h igh may cause problems 
wi th absorbance measurements on s imple in s t ruments . T i t r a t i o n s were 
performed i n the presence of a 2 5 0 0 : 1 r a t i o of chromium to vanadium wi th 
no d i f f i c u l t y a t a l l . 
Unfor tunate ly tungsten (VI) and any degree of e x c e s s t i e s up the 
vanadium so that r e a c t i o n w i t h PAR i s b locked . However, tungsten i s 
e a s i l y s eparated from vanadium and t h i s seems to be the b e s t s o l u t i o n 
to the problem. 
Common a n i o n i c s p e c i e s such as c h l o r i d e , n i t r a t e , and s u l f a t e 
cause no d i f f i c u l t i e s even a t c o n c e n t r a t i o n s of s e v e r a l moles per l i t e r . 
T h i s f a c t i n d i c a t e s tha t most of the popular opening procedures can be 
7 6 
u s e d w i t h t h e p r o p o s e d t i t r i m e t r i c f i n i s h . C i t r a t e a n d o x a l a t e w h e n 
p r e s e n t i n e x c e s s t e n d t o i n h i b i t c o l o r f o r m a t i o n ; h o w e v e r , w h e n t h e s e 
s p e c i e s w e r e a p p l i e d i n s u b s t o i c h i o m e t r i c a m o u n t s c o n s i d e r a b l e i m p r o v e ­
m e n t s w e r e o b t a i n e d i n t i t r a t i o n s o f v a n a d i u m i n t h e p r e s e n c e o f u p t o 
a p p r o x i m a t e l y 5 , 0 0 0 t i m e s e x c e s s o f m o l y b d e n u m . 
W h e n p h o s p h a t e w a s i n t r o d u c e d t o t h e s y s t e m i t w a s f o u n d t h a t a 
p o s i t i v e b i a s w a s o b s e r v e d i n t h e t i t r a t i o n s o f v a n a d i u m . T h i s b i a s 
i n c r e a s e d w i t h i n c r e a s i n g c o n c e n t r a t i o n s o f p h o s p h a t e a n d w a s s u f f i c i e n t 
t o e l i m i n a t e t h e u s e o f p h o s p h a t e b u f f e r a n d n o t t o r e c o m m e n d i t s u s e 
f o r t h e t i t r a t i o n d e s c r i b e d . 
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A. G e n e r a l Remarks 
C o n t i n u e d i n t e r e s t i n t h e a p p l i c a t i o n o f p h o t o m e t r i c t i t r a t i o n 
t e c h n i q u e f o r t h e a n a l y s i s o f t r a c e e l e m e n t s c a u s e d a t t e n t i o n t o b e 
drawn t o a new r e a g e n t . T h i s compound, ( 3 - ( 2 - p y r i d y l ) - 5 , 6 - b i s ( 4 -
p h e n y l s u l f o n i c — a c i d ) - 1 , 2 , 4 - t r i a z i n e ) i s known by t h e t r i v i a l name 
f e r r o z i n e and was i n t r o d u c e d b y S t o o k e y ( 4 2 ) a s a r e a g e n t f o r t h e p h o t o ­
m e t r i c d e t e r m i n a t i o n o f i r o n . 
B . P r o p e r t i e s o f F e r r o z i n e 
I n t h e a r t i c l e d e s c r i b i n g f e r r o z i n e , S t o o k e y ( 4 2 ) l i s t s t h e 
c h a r a c t e r i s t i c s o f t h e r e a g e n t . T h e s e w e r e c o n f i r m e d i n t h e i n i t i a l 
i n v e s t i g a t i o n s w i t h t h e r e a g e n t . F e r r o z i n e f o r m s a m a g e n t a 1 : 3 i r o n 
( I I ) - f e r r o z i n e c o m p l e x . T h i s c o m p l e x e x h i b i t s a s i n g l e a b s o r p t i o n 
p e a k i n t h e v i s i b l e s p e c t r u m w i t h an a b s o r p t i v i t y o f 2 . 8 x 10^ l i t e r s / 
m o l e - c m . The c o m p l e x w i l l form r e a d i l y i n t h e pH r a n g e o f 4 - 9 and 
o n c e formed r e m a i n s i n t a c t i n q u i t e a c i d i c s o l u t i o n s . S t o o k e y ( 4 2 ) 
r e p o r t s t h a t t h e c o m p l e x d o e s n o t d i s s o c i a t e i n 1 F p e r c h l o r i c a c i d . 
F u r t h e r i n v e s t i g a t i o n s showed t h a t t h e r e was no s i g n i f i c a n t c h a n g e i n 
a b s o r b a n c e i n 0 . 1 F h y d r o c h l o r i c a c i d . 
The number o f s p e c i e s w h i c h r e a c t w i t h f e r r o z i n e u n d e r t h e c o n ­
d i t i o n s u s e d f o r t h e i r o n d e t e r m i n a t i o n i s q u i t e l i m i t e d . The i o n s o f 
t h e f o l l o w i n g m e t a l s w e r e c h e c k e d : c o b a l t ( I I ) , n i c k e l ( I I ) , z i n c ( I I ) , 
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v a n a d i u m ( V ) , c o p p e r ( I ) , c o p p e r ( I I ) , m o l y b d e n u m ( V I ) , c h r o m i u m ( I I I ) , 
i n d i u m , g a l l i u m , l e a d ( I I ) , c a l c i u m , a l u m i n u m , m a n g a n e s e ( I I ) a n d 
t i t a n i u m ( I V ) . O n l y c o b a l t , c o p p e r ( I ) , n i c k e l , a n d t i t a n i u m s h o w e d 
a n i n d i c a t i o n o f r e a c t i o n b y c a u s i n g a v i s i b l e c o l o r . On t h e b a s i s o f 
t h i s i n f o r m a t i o n i t a p p e a r e d t h a t f e r r o z i n e m i g h t o f f e r p r o m i s e a s a 
t i t r a n t i n t h e p h o t o m e t r i c t i t r a t i o n o f i r o n . When t h e i n i t i a l t i t r a ­
t i o n s w e r e a t t e m p t e d , t h e r e was v e r y l i t t l e c o l o r p r o d u c e d a s t h e 
t i t r a n t was a d d e d . T h e s i t u a t i o n was n o t i m p r o v e d b y v a r y i n g t h e r e ­
a c t i o n c o n d i t i o n s . I t was o b s e r v e d t h a t w h e n a n i n c r e m e n t o f f e r r o z i n e 
t i t r a n t was a d d e d t o a n i r o n ( I I ) s o l u t i o n , t h e r e w a s , i n d e e d , a n i n i ­
t i a l s m a l l i n c r e a s e i n a b s o r b a n c e . T h e a b s o r b a n c e c o n t i n u e d t o i n c r e a s e 
w i t h t i m e a n d d i d n o t r e a c h a s t a b l e v a l u e e v e n a f t e r 35 m i n u t e s . T h i s 
b e h a v i o r o f t h e s y s t e m o b v i o u s l y w o u l d n o t a l l o w t h e u s e o f f e r r o z i n e 
as a t i t r a n t f o r i r o n . I t w a s h y p o t h e s i z e d t h a t i n t h e s i t u a t i o n w h e r e 
i r o n was i n e x c e s s , t h e e x p e c t e d 1 : 3 i r o n - f e r r o z i n e c o m p l e x d i d n o t 
f o r m b u t o n e o f d i f f e r e n t c o m p o s i t i o n f o r m e d . T h e o b s e r v e d s l u g g i s h n e s s 
o f t h e r e a c t i o n i n t h e p r e s e n c e o f e x c e s s i r o n a n d t h e a l m o s t i n s t a n t a ­
n e o u s r e a c t i o n w h e n f e r r o z i n e was i n e x c e s s m i g h t l e n d s u p p o r t t o s u c h 
a n e x p l a n a t i o n ; h o w e v e r , t h e r e was n o c o n f i r m i n g a b s o r p t i o m e t r i c e v i ­
d e n c e . I f o t h e r c o m p l e x e s a r e f o r m e d t h e y d o n o t c a u s e a s h i f t o f t h e 
a b s o r b a n c e m a x i m u m i n t h e v i s i b l e s p e c t r a r e g i o n . 
T h e l a c k o f s u c c e s s o f t h e r e a g e n t a s a t i t r a n t d i d n o t c a u s e 
w o r k w i t h i t t o b e a b a n d o n e d , b u t l e d t o f u r t h e r i n v e s t i g a t i o n s i n t w o 
o t h e r a r e a s . T h e f i r s t o f t h e s e was a n a t t e m p t t o i m p r o v e u p o n t h e 
a l r e a d y h i g h s e l e c t i v i t y a n d s e n s i t i v i t y o f f e r r o z i n e b y a p p l i c a t i o n o f 
a n e x t r a c t i o n t e c h n i q u e . W h i l e t h i s s t u d y w a s n o t e x t e n s i v e a n d i s 
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b a s i c a l l y u n r e l a t e d t o t h e m a i n t h r u s t o f t h i s i n v e s t i g a t i o n , i t d o e s 
o f f e r some p o i n t s o f i n t e r e s t a n d w i l l b e s u m m a r i z e d i n t h e A p p e n d i x 2 . 
T h e s e c o n d a r e a o f i n v e s t i g a t i o n was t h e a p p l i c a t i o n o f f e r r o z i n e 
t o t h e d e t e r m i n a t i o n o f i r o n i n b i o l o g i c a l m a t e r i a l s , s p e c i f i c a l l y b l o o d 
s e r u m . 
C. I m p o r t a n c e o f S e r u m I r o n A s s a y 
I r o n i s made a v a i l a b l e f o r t r a n s p o r t b y t h e s e r u m i n t w o w a y s . 
T h e f i r s t i s f r o m t h e b r e a k d o w n o f " o l d " r e d b l o o d c e l l s . T h i s p r o c e s s 
o c c u r s i n t h e l i v e r a n d i s t h e b o d y ' s m e c h a n i s m o f h o a r d i n g i r o n w h i c h 
i s r e c i r c u l a t e d t o b e u s e d i n v a r i o u s b o d y f u n c t i o n s , p r i m a r i l y i n 
b u i l d i n g n e w r e d b l o o d c e l l s . T h e i r o n l o s t b y t h e b o d y i s r e p l a c e d b y 
a b s o r p t i o n o f i r o n f r o m f o o d s . T h i s i r o n i n t h e f o r m o f i r o n ( I I ) i s 
a b s o r b e d t h r o u g h t h e m u c o s a l c e l l w a l l o f t h e i n t e s t i n e a n d c a r r i e d b y 
t h e s e r u m t o t h e s t o r a g e p o i n t s o f i r o n i n t h e b o d y w h i c h a r e p r i m a r i l y 
i n t h e b o n e m a r r o w , l i v e r a n d s p l e e n . A l l i r o n t r a n s p o r t e d b y t h e s e r u m 
i s i n t h e f o r m o f a n i r o n ( I I I ) c o m p l e x o f t h e p r o t e i n s i d e r o p h i l i n , 
c o m m o n l y c a l l e d t r a n s f e r r i n . T h e i r o n b e i n g t r a n s p o r t e d i n t h e f o r m o f 
t h e i r o n ( I I I ) t r a n s f e r r i n c o m p l e x i s t h e s p e c i e s m e a s u r e d i n s e r u m i r o n 
d e t e r m i n a t i o n s . T h i s d e t e r m i n a t i o n p r o v i d e s a d y n a m i c m e a s u r e m e n t o f 
t h e m e t a b o l i c s t a t e o f i r o n i n t h e b o d y . O t h e r i n d i c a t o r s o f i r o n l e v e l s 
s u c h a s h e m o g l o b i n l e v e l s do n o t s h o w a p p r e c i a b l e f l u c t u a t i o n u n t i l t h e r e 
h a v e b e e n d r a s t i c c h a n g e s i n t h e i r o n r e s e r v e s o f t h e b o d y . 
I n o r d e r t o o b t a i n t h e m o s t c o m p l e t e d i a g n o s t i c i n f o r m a t i o n i t i s 
n e c e s s a r y t o m e a s u r e n o t o n l y t h e c o n c e n t r a t i o n o f s e r u m i r o n b u t a l s o 
t o m e a s u r e t h e t o t a l b i n d i n g c a p a c i t y o f t h e t r a n s f e r r i n . T h e t w o p i e c e s 
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o f i n f o r m a t i o n u s e d t o g e t h e r p r o v i d e k n o w l e d g e o f how much i r o n i s b e i n g 
t r a n s p o r t e d and how much i r o n t h e s erum i s c a p a b l e o f t r a n s p o r t i n g . 
The m e a s u r e m e n t s o f s erum i r o n and i r o n b i n d i n g c a p a c i t y a r e u s e ­
f u l a i d s i n t h e d i a g n o s i s o f a n e m i a c a u s e d by h e m o r r h a g e , d e f e c t i v e 
b l o o d f o r m a t i o n o r n u t r i t i o n ; ( i i ) i r o n s t o r a g e d i s e a s e s ; ( i i i ) i r o n 
t o x i c i t y , ( i v ) h e m a c h r o m a t o s i s , ( v ) l i v e r c e l l damage and o t h e r s ( 4 3 ) . 
From t h e a b o v e l i s t o f a p p l i c a t i o n s f o r s e r u m i r o n and t o t a l i r o n 
b i n d i n g d e t e r m i n a t i o n s i t i s q u i t e a p p a r e n t t h a t t h i s i s an i m p o r t a n t 
and o f t e n u s e d c l i n i c a l a s s a y . As s u c h i t i s n e c e s s a r y t o b e a b l e t o 
p e r f o r m l a r g e numbers o f t h e s e d e t e r m i n a t i o n s w i t h g o o d p r e c i s i o n and 
a c c u r a c y . I n a d d i t i o n , s i n c e t h e s a m p l e s o f t e n come from s m a l l c h i l d r e n , 
t h e s e n s i t i v i t y o f t h e d e t e r m i n a t i o n s h o u l d b e a s g r e a t a s p o s s i b l e i n 
o r d e r t o k e e p s a m p l e r e q u i r e m e n t s a t a minimum. W i t h t h e s e t h o u g h t s i n 
mind i t was d e c i d e d t o p u t t h e m a i n e m p h a s i s o n t h e a p p l i c a t i o n o f 
f e r r o z i n e t o a u t o m a t e d t e c h n i q u e s f o r t h e d e t e r m i n a t i o n s o f s e r u m i r o n 
and i r o n b i n d i n g c a p a c i t y . 
F e r r o z i n e o f f e r s a number o f d i s t i n c t a d v a n t a g e s a s a r e a g e n t 
f o r t h e s erum i r o n d e t e r m i n a t i o n s p a r t i c u l a r l y w i t h a u t o m a t e d t e c h n i q u e s . 
The m o s t p r o m i n e n t o f t h e s e a r e : 
1 . S e n s i t i v i t y . The f e r r o z i n e - i r o n ( I I ) c o m p l e x s h o w s a m o l a r 
a b s o r p t i v i t y o f 2 . 8 x 1 0 4 l i t e r s / m o l e - c m w h i c h c o m p a r e s v e r y f a v o r a b l y 
w i t h 2 . 4 x 1 0 4 f o r TPTZ ( 2 , 4 , 6 - t r i p r i d y l - s - t r i a z i n e ) and 2 . 2 x 1 0 4 f o r 
b a t h o p h e n a n t h r o l i n e d i s u l f o n i c a c i d , two o f t h e m o s t commonly u s e d 
r e a g e n t s f o r serum i r o n . 
2 . S o l u b i l i t y . F e r r o z i n e and i t s i r o n ( I I ) c o m p l e x a r e q u i t e 
s o l u b l e i n w a t e r . T h i s p r o p e r t y s i m p l i f i e s h a n d l i n g , e s p e c i a l l y i n a u t o -
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m a t e d t e c h n i q u e s w h e r e c e r t a i n o r g a n i c s o l v e n t s c a u s e p r o b l e m s w i t h t h e 
pump and t r a n s f e r t u b i n g . 
3 . C o s t . O t h e r s e n s i t i v e r e a g e n t s f o r t h e d e t e r m i n a t i o n o f 
i r o n a r e a l m o s t p r o h i b i t i v e l y e x p e n s i v e f o r u s e i n f l o w - t y p e r a p i d 
a n a l y s i s . F e r r o z i n e , h o w e v e r , c o s t s l e s s t h a n $1 p e r gram when b o u g h t 
i n q u a n t i t i e s o f 25 grams and m o r e . 
D. O t h e r P r o c e d u r e s 
T h e r e i s a l a r g e number o f a p p r o a c h e s a v a i l a b l e f o r t h e d e t e r m i n a ­
t i o n o f s erum i r o n . T h e s e a r e a l m o s t u n i v e r s a l l y s i m i l a r , m o s t u s i n g 
t h e A u t o A n a l y z e r s y s t e m w i t h b a t h o p h e n a n t h r o l i n e o r TPTZ ( 4 4 - 4 8 ) . T h i s 
i s n o t t h e p l a c e t o c o m p i l e a c o m p l e t e l i s t o f a v a i l a b l e p r o c e d u r e s ; 
t h o s e p r e s e n t e d m e r e l y s e r v e a s e x a m p l e s o f t h e a p p r o a c h e s u s e d . A l l o f 
t h e p r o c e d u r e s show a n e e d f o r i m p r o v e d s e n s i t i v i t y , s i n c e e i t h e r u n ­
s a t i s f a c t o r i l y l a r g e s a m p l e s m u s t b e u s e d o r i f a m i c r o - p r o c e d u r e i s 
a p p l i e d t h e n h i g h demands a r e p l a c e d on e l e c t r o n i c s c a l e e x p a n s i o n s t o 
o b t a i n u s a b l e o u t p u t s i g n a l s . 
D u r i n g t h e c o u r s e o f t h e s e i n v e s t i g a t i o n s w o r k e r s r e p o r t e d on 
t h e a p p l i c a t i o n o f f e r r o z i n e t o s e r u m i r o n d e t e r m i n a t i o n s ( 4 9 - 5 2 ) i n ­
c l u d i n g o n e t o an a u t o m a t e d p r o c e d u r e . H o w e v e r , t h i s l a t t e r p r o c e d u r e 
f a i l s t o p r o v i d e t h e b e s t c o m b i n a t i o n o f c o n d i t i o n s t o p r e v e n t s a m p l e 
t o s a m p l e c a r r y o v e r and d o e s n o t make f u l l u s e o f t h e s e n s i t i v i t y 
i n h e r e n t t o f e r r o z i n e . 
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CHAPTER I I 
EXPERIMENTAL 
A . A u t o A n a l y z e r P r o c e d u r e 
1 . R e a g e n t s a n d S o l u t i o n s 
A l l w a t e r u s e d f o r t h e p r e p a r a t i o n o f s o l u t i o n s a n d f o r w a s h i n g 
g l a s s w a r e s h o u l d b e a s i r o n f r e e a s p o s s i b l e . T h i s c a n b e a c h i e v e d b y 
t h e e x c l u s i v e u s e o f d o u b l y d i s t i l l e d o r d e i o n i z e d d i s t i l l e d w a t e r . I n 
a d d i t i o n a l l w a t e r s h o u l d b e c h e c k e d b y t a k i n g a s a m p l e , a d d i n g a s c o r b i c 
a c i d a n d f e r r o z i n e s o l u t i o n s , a n d m e a s u r i n g a g a i n s t f e r r o z i n e s o l u t i o n 
i n a s p e c t r o p h o t o m e t e r a t 5 6 2 nm w i t h a 1 cm p a t h l e n g t h . I f a r e a d i n g 
o f 0 . 0 5 a b s o r b a n c e u n i t s o r g r e a t e r i s o b s e r v e d t h e w a t e r s h o u l d n o t b e 
u s e d . 
A l l r e a g e n t s u s e d s h o u l d b e r e a g e n t g r a d e o r b e t t e r . 
a . A s c o r b i c A c i d , 2% ( w / v ) . P l a c e t w o g r a m s o f 1 - a s c o r b i c a c i d 
i n a 1 0 0 - m l v o l u m e t r i c f l a s k , a n d b r i n g t h e v o l u m e t o m a r k w i t h 0 . 1 
h y d r o c h l o r i c a c i d . P r e p a r e t h i s s o l u t i o n d a i l y . 
b . H y d r o c h l o r i c A c i d , I F . T o 2 0 0 m l w a t e r i n a 1 - l i t e r 
v o l u m e t r i c f l a s k a d d 8 3 m l o f c o n c e n t r a t e d h y d r o c h l o r i c a c i d a n d d i l u t e 
t o m a r k . 
c . H y d r o c h l o r i c A c i d , 0 . 1 F . Q u a n t i t a t i v e l y d i l u t e t h e 1 F 
s t o c k 1 t o 1 0 . 
d . A c e t a t e B u f f e r , 1 F . M i x 6 0 m l g l a c i a l a c e t i c a c i d a n d 4 0 
g r a m s o f 50% s o d i u m h y d r o x i d e s o l u t i o n w i t h 8 0 0 m l w a t e r . I f n e c e s s a r y 
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a d j u s t t h e pH t o b e t w e e n 4 . 5 and 4 . 8 and b r i n g t h e v o l u m e t o o n e l i t e r . 
e . F e r r o z i n e , 0 .4%. D i s s o l v e 2 grams o f f e r r o z i n e i n 5 0 0 ml o f 
a c e t a t e b u f f e r . E x p e r i e n c e h a s shown t h a t t h e p u r i t y o f f e r r o z i n e v a r i e s 
b e t w e e n r e a g e n t l o t s w i t h more r e c e n t p r e p a r a t i o n s b e i n g o f h i g h e r p u ­
r i t y . T h e r e f o r e t h e c o n c e n t r a t i o n o f t h i s r e a g e n t may n e e d t o b e mod­
i f i e d f o r b e s t r e s u l t s d e p e n d i n g upon t h e p a r t i c u l a r l o t o b t a i n e d . 
f. I r o n s t o c k s t a n d a r d s o l u t i o n 1000 f * g / l . P l a c e 1 . 0 0 0 g i r o n 
w i r e i n a 1 - l i t e r v o l u m e t r i c f l a s k , add 1 0 - 1 2 ml c o n c e n t r a t e d h y d r o c h l o ­
r i c a c i d , and d i s s o l v e w i t h s l i g h t w a r m i n g . A f t e r d i s s o l u t i o n i s com­
p l e t e , c o o l t o room t e m p e r a t u r e and f i l l t o mark . T h i s s o l u t i o n i s 
s t a b l e i n d e f i n i t e l y when s t o r e d j w e l l - s t o p p e r e d , i n a p y r e x c o n t a i n e r . 
g . I r o n w o r k i n g s t o c k s o l u t i o n , 100 m g / 1 . D i l u t e 1 0 . 0 ml o f 
t h e 1 0 0 0 m g / 1 s t o c k s o l u t i o n t o 100 m l . P r e p a r e w e e k l y . 
h . Working s t a n d a r d s . To o b t a i n s t a n d a r d s o f 5 0 , 1 0 0 , 200 and 
3 0 0 f i g / 1 0 0 ml p l a c e 1 , 2 , 4 and 6 ml o f t h e 100 m g / 1 s t o c k s o l u t i o n i n 
2 0 0 - m l v o l u m e t r i c f l a s k s add 3 t o 5 d r o p s o f c o n c e n t r a t e d HC1 and d i l u t e 
t o m a r k . P r e p a r e d a i l y . 
2 . I n s t r u m e n t a t i o n 
T e c h n i c o n A u t o A n a l y z e r 
The A u t o A n a l y z e r p r o d u c e d by T e c h n i c o n I n s t r u m e n t s I n c o r p o r a t e d 
i s o n e o f t h e m o s t w i d e l y u s e d o f a l l a u t o m a t e d a n a l y t i c a l d e v i c e s . I t 
o p e r a t e s on an h y d r a u l i c p r i n c i p l e i n w h i c h a p e r i s t a l t i c pump p i c k s up 
s a m p l e , and r e a g e n t s w h i c h a r e m i x e d a t s e l e c t e d t i m e s and t h e n pumped 
t h r o u g h a c u v e t w h e r e t h e a b s o r b a n c e o f t h e s o l u t i o n i s m e a s u r e d . A i r 
b u b b l e s a r e i n t r o d u c e d i n t o t h e f l o w i n g s t r e a m s t o s e p a r a t e t h e s a m p l e s , 
f a c i l i t a t e m i x i n g and t o s c r u b t h e t u b i n g w a l l s t o c u t down o n s a m p l e 
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t o s a m p l e c a r r y o v e r . T h i s s y s t e m h a s some u n i q u e f e a t u r e s , p r i m a r y 
among w h i c h i s t h e f a c t t h a t by m a t c h i n g t h e f l o w o f two l i q u i d s t r e a m s 
on e i t h e r s i d e o f a s e m i p e r m e a b l e membrane i t i s p o s s i b l e t o d i a l y z e a 
s a m p l e . T h i s f e a t u r e a l l o w s s m a l l m o l e c u l e s s u c h a s i r o n t o b e s e p a ­
r a t e d from a s e r u m p r o t e i n m a t r i x w i t h o u t a m a n u a l p r o t e i n p r e c i p i t a t i o n 
s t e p . The l e n g t h o f t h e p a t h t h r o u g h a s i n g l e s t a g e d i a l y z e r , a s u s e d 
i n t h e s e e x p e r i m e n t s , i s a p p r o x i m a t e l y 25 m e t e r s . D i a l y s i s e f f i c i e n c y 
can b e i n c r e a s e d by d o u b l e d i a l y s i s o r p l a c i n g two d i a l y z e r s t a g e s i n 
s e r i e s . H o w e v e r , i t s h o u l d b e n o t e d t h a t w i t h i n c r e a s e d d i a l y s i s e f ­
f i c i e n c y t h e g r e a t e r l e n g t h o f t r a v e l by t h e s o l u t i o n s g i v e s more o p ­
p o r t u n i t y f o r i n t e r s a m p l e m i x i n g , and a s a r e s u l t more c a r r y o v e r . 
3 . A n a l y s e s 
The p r o c e d u r e a s d e v e l o p e d i n t h i s l a b o r a t o r y g i v e s 100% o f s t e a d y 
s t a t e a b s o r b a n c e w i t h a 3 0 0 f / g / 1 0 0 ml i r o n s t a n d a r d and w i t h s e r u m s t a n ­
d a r d s a t t h e 2 0 0 f i g / 1 0 0 ml l e v e l . R e p l i c a t e s i d e b y s i d e a n a l y s e s o f 
h i g h and l o w i r o n c o n c e n t r a t i o n s u s i n g s e r a and s t a n d a r d s showed no 
d e t e c t a b l e c a r r y o v e r a t a s a m p l i n g r a t e o f 4 0 p e r h o u r . The s e n s i t i v i t y 
o f t h e p r o c e d u r e i s i n d i c a t e d by t h e 3 0 0 f i g / 1 0 0 ml s t a n d a r d w h i c h g i v e s 
an a b s o r b a n c e r e a d i n g o f a p p r o x i m a t e l y 0 . 3 5 . T h i s s e n s i t i v i t y c a n b e 
a p p r o x i m a t e l y d o u b l e d by m a k i n g m i n o r m o d i f i c a t i o n s i n t h e m a n i f o l d , 
c h a n g i n g f rom s i n g l e t o d o u b l e d i a l y s i s , and d e c r e a s i n g t h e r a t e o f 
a n a l y s i s t o 20 s a m p l e s p e r h o u r . 
A f l o w d i a g r a m f o r t h e A u t o A n a l y z e r p r o c e d u r e i s shown i n F i g u r e 
1 3 . S a m p l e s a r e p r o c e s s e d a t t h e r a t e o f 40 p e r h o u r w i t h a s t a n d a r d 
2 : 1 cam. W i t h a 0 . 0 4 5 I . D . s a m p l e l i n e t h e v o l u m e o f s a m p l e u s e d i s 
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Figure 1 3 . Flow Diagram for the A u t o Analyzer Procedure for Serum Iron. 
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stream and mixed in a single mixing coil. This stream is then dialyzed 
against 0.1 F HC1 in a single dialyzer. The dialysate is mixed with the 
ferozine reagent in a double mixing coil. The resulting solution passes 
into the colorimeter wher  the absorbance is measured at 570 nm in a 50 
m  flow cel. 
Of the filters available the one closest to the 562 nm maximum 
of the ferozine-iron (I) complex had a peak transmitance at 570 nm. 
The deviation from the optimum wavelngth caused a decrease of approxi­
mately 5% in sensitivity. A 50-mm flow cel was used in place of the 
s t a n d a r d 15-mm cel  t o o b t a i n adequate sensitivity without electronic 
scale expansion for micro samples. It was found that in routine assays 
the larger path length alowed a combination of greater sample dilu­
tions and single dialysis, which in turn gave good washout at a rate of 
40 samples per hour. 
Studies wer  made on sample caryover approach of standards and 
samples to steady state absorbance values, adherence to Beers law by 
standard and samples over the analytical range chosen, and interferences, 
especialy that of copper. 
Repeated caryover checks were made in the 20  to 10  fig/100 ml 
range and no caryover was detected. Over the concentration span of 50 
to 30  fig/100 ml standard and sample absorbance values wer  the same as 
those observed under steady state conditons. When observed absorbance 
values of standards wer  ploted against concentration, a straight line 
resulted. A similar plot based on a series of dilutions of a serum 
sample also yielded a straight line. 
The only metal ion commonly found in serum which can interfere 
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w i t h t h e i r o n d e t e r m i n a t i o n i s c o p p e r . T h i s i n t e r f e r e n c e i s r e p o r t e d 
by Yee and Z i n ( 4 7 ) and C a r t e r ( 4 8 ) . I n t h e p r e s e n t s t u d y s a m p l e s w e r e 
s p i k e d w i t h up t o f i v e t i m e s t h e n o r m a l serum c o p p e r l e v e l and a n a l y z e d 
u n d e r r o u t i n e c o n d i t i o n s . The r e s u l t s f o r t h e s e s a m p l e s and t h e u n -
s p i k e d s a m p l e s a g r e e d w i t h i n t h e e x p e r i m e n t a l e r r o r s . T h e r e f o r e i t was 
c o n c l u d e d t h a t c o p p e r a t n o r m a l l e v e l s w o u l d n o t c a u s e i n t e r f e r e n c e . 
The e f f e c t o f h e m o l y s i s was c h e c k e d by a d d i n g l y s e d , r e d c e l l 
c o n c e n t r a t e t o t h e s e r u m . No i n t e r f e r e n c e was e n c o u n t e r e d , w i t h h e m o ­
g l o b i n l e v e l s i n e x c e s s o f 1%. When t h e s erum was m i x e d w i t h e q u a l 
vo lumes o f t h e c e l l c o n c e n t r a t e c o r r e s p o n d i n g t o l y s e d w h o l e b l o o d , an 
i n c r e a s e i n a b s o r b a n c e was o b s e r v e d . 
To c h e c k t h e p r e c i s i o n o f t h e t e c h n i q u e , two s e r a w e r e a n a l y z e d 
r e p e a t e d l y o v e r a p e r i o d o f 5 d a y s . D u p l i c a t e r u n s w e r e made e a c h d a y . 
T a b l e 8 s h o w s t h e r e s u l t s . 
B . D i s c r e t e S a m p l e A n a l y z e r (DSA) 5 6 0 P r o c e d u r e 
The h i g h s e n s i t i v i t y and t h e a l m o s t i n s t a n t a n e o u s f o r m a t i o n o f 
t h e f e r r o z i n e i r o n ( I I ) c o m p l e x l e d t o t h e i n v e s t i g a t i o n o f t h e d e t e r ­
m i n a t i o n o f i r o n d i r e c t l y i n s e r u m w i t h o u t p r i o r r e m o v a l o f p r o t e i n . 
To s a t i s f y n e e d s f o r h a n d l i n g l a r g e numbers o f s a m p l e s , t h e DSA was 
c h o s e n a s t h e p r o c e s s o r . T h i s i n s t r u m e n t c o m b i n e s t h e f e a t u r e s o f a 
h i g h r a t e o f a n a l y s i s ( 1 2 0 p e r h o u r ) , l o w s a m p l e and r e a g e n t r e q u i r e ­
m e n t s , and a d i r e c t p r i n t o u t i n c o n c e n t r a t i o n u n i t s . 
1 . R e a g e n t s and S o l u t i o n s 
The r e a g e n t s and s o l u t i o n s u s e d w i t h t h e DSA p r o c e d u r e a r e t h e 
same a s t h o s e u s e d i n t h e A u t o A n a l y z e r p r o c e d u r e e x c e p t t h a t t h e a s c o r -
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T a b l e 8 . S u m m a r y o f R e s u l t s O b t a i n e d o n t h e A u t o A n a l y z e r o n 
T w o P o o l e d S e r a T e s t e d O v e r a P e r i o d o f 5 D a y s 
N o r m a l E l e v a t e d 
M e a n 1 2 7 . 7 f i g / 1 0 0 m l 2 3 8 . 6 M g / 1 0 0 m l 
T o t a l d e t e r m i n a t i o n s 1 2 1 1 2 2 
S D a + 3 . 3 f * g / 1 0 0 m l + 3 . 5 f i g / 1 0 0 m l 
R S D b w i t h i n r u n + 2 . 6 % + 1 . 5 % 
S D C + 4 . 9 J i g A O O m l + 5 . 7 j z g / 1 0 0 m l 
R S D b + 3 . 8 % + 2 . 4 % 
a . S t a n d a r d d e v i a t i o n o f r e p l i c a t e d e t e r m i n a t i o n s i n t h e s a m e r u n . 
b . R e l a t i v e s t a n d a r d d e v i a t i o n , ( S D * m e a n ) x 1 0 0 . 
c . T o t a l s t a n d a r d d e v i a t i o n o f a s i n g l e d e t e r m i n a t i o n . 
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b i c and h y d r o c h l o r i c a c i d s o l u t i o n a r e 4% and 0 . 2 F , r e s p e c t i v e l y . 
T h e s e c h a n g e s a r e n e c e s s a r y b e c a u s e t h e DSA pump d e l i v e r s t h e s a m p l e 
o r r e a g e n t a l o n g w i t h a w a t e r w a s h . I n t h i s p r o c e d u r e , t h e w a s h v o l ­
ume f o r a l l r e a g e n t s o l u t i o n s was e q u a l t o t h a t o f t h e r e a g e n t s o l u ­
t i o n s t h e m s e l v e s . 
2 . I n s t r u m e n t a t i o n 
D i s c r e t e Sample A n a l y z e r 5 6 0 
The DSA 5 6 0 i s p r o d u c e d by Beckman I n s t r u m e n t Company, F u l l e r t o n , 
C a l i f o r n i a . T h i s i n s t r u m e n t i s b u t o n e o f a l a r g e number t h a t a p p r o a c h 
a u t o m a t i o n by m e c h a n i c a l l y r e p r o d u c i n g t h e a c t i o n s o f an a n a l y s t . I n 
t h i s i n s t r u m e n t a s p e c i a l r e a c t i o n c o n t a i n e r c a l l e d a Q_cup i s t r a n s ­
p o r t e d by a c h a i n d r i v e t h r o u g h a number o f p o s i t i o n s . The cup i s 
h a l t e d a t e a c h p o s i t i o n f o r a d e f i n e d p e r i o d and t h e n p r o c e d e s t o t h e 
n e x t p o s i t i o n . At t h e f i r s t p o s i t i o n a s a m p l e a l i q u o t i s p i c k e d up and 
p l a c e d i n o n e o f t h e f i v e c a v i t i e s i n t h e Q-cup by a pump. The s a m p l e 
d e l i v e r y i s f o l l o w e d by a w a t e r w a s h o f t h e p r o b e t o p r e v e n t s a m p l e 
c a r r y o v e r . At e a c h f o l l o w i n g p o s i t i o n i t i s p o s s i b l e t o add r e a g e n t s 
up t o t h e f i n a l p o s i t i o n w h e r e t h e s a m p l e and b l a n k a r e drawn i n t o a 
c o l o r i m e t e r and h e l d w h i l e a d i f f e r e n t i a l a b s o r b a n c e r e a d i n g i s m a d e . 
The a b s o r b a n c e i s t h e n e l e c t r o n i c a l l y c o n v e r t e d t o c o n c e n t r a t i o n and 
t h e r e s u l t p r i n t e d on a t e l e t y p e . 
B e c a u s e o f i t s t r a n s p o r t t e c h n i q u e i t i s p o s s i b l e t o p r o v i d e 
r e a g e n t a d d i t i o n a t e x a c t t i m e s and t o i n c u b a t e b e t w e e n r e a g e n t a d d i ­
t i o n s . I n t h e c a s e o f t h e r e a c t i o n s t u d i e d h e r e , i d e n t i c a l a l i q u o t s 
w e r e t a k e n ; o n e was t r e a t e d w i t h c o l o r r e a g e n t and t h e o t h e r s e r v e d a s 
t h e s erum b l a n k . 
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3. A n a l y s e s 
T h e s c h e m e f o r r e a g e n t a d d i t i o n s o n t h e DSA i s s h o w n i n F i g u r e 
1 4 . 100 fil o f s a m p l e a n d 150 fll o f w a t e r a r e a d d e d t o p o s i t i o n s B a n d 
C o f t h e Q - c u p . T h e n 3 0 0 M l o f t h e a s c o r b i c a c i d s o l u t i o n i s a d d e d t o 
e a c h o f t h e t w o p o s i t i o n s . T h e m i x t u r e s a r e a l l o w e d t o r e a c t f o r 5 
m i n u t e s a t a m b i e n t t e m p e r a t u r e ; t h e n 3 0 0 i l l o f f e r r o z i n e s o l u t i o n i s 
a d d e d t o p o s i t i o n B a n d 3 0 0 p-1 o f a c e t a t e b u f f e r t o p o s i t i o n C. A f t e r 
a n o t h e r 5 m i n u t e s , p o s i t i o n s B a n d C a r e s a m p l e d , t h e d i f f e r e n t i a l 
a b s o r b a n c e i s r e a d , a n d r e s u l t s a r e p r i n t e d o u t i n c o n c e n t r a t i o n s u n i t s . 
As in the AutoAnalyzer p r o c e d u r e , a n o p t i m a l 5 6 0 nm f i l t e r w a s 
n o t a v a i l a b l e ; h e n c e t h e 5 5 0 nm f i l t e r , w h i c h i s s t a n d a r d i n t h e i n s t r u ­
m e n t , was u s e d . 
A l t h o u g h t h e 5 6 0 nm f i l t e r w o u l d h a v e g i v e n a b e t t e r s i g n a l - t o -
n o i s e r a t i o , t h e c o n d i t i o n s a s d e s c r i b e d a r e a d e q u a t e f o r r o u t i n e a n a l ­
y s e s . S t a n d a r d s i n t h e c o n c e n t r a t i o n r a n g e o f 5 0 - 3 0 0 f i g / 1 0 0 m l i r o n 
( I I ) s h o w e d a l i n e a r r e l a t i o n s h i p b e t w e e n c o n c e n t r a t i o n a n d i n s t r u m e n t 
r e a d o u t . L i n e a r i t y w a s a l s o c h e c k e d by d i l u t i n g a 2 2 0 f i g / 1 0 0 m l s e r u m 
s a m p l e w i t h s a l i n e s o l u t i o n s t o t h e f o l l o w i n g f r a c t i o n s o f t h e o r i g i n a l 
c o n c e n t r a t i o n s : 1 , 0 . 7 5 , 0 . 5 0 a n d 0 . 2 5 . A p l o t o f c o n c e n t r a t i o n v e r s u s 
i n s t r u m e n t r e a d o u t a g a i n w a s l i n e a r . 
I n t e r f e r e n c e s t u d i e s p e r f o r m e d f o r t h e DSA p r o c e d u r e w e r e s i m i l a r 
t o t h o s e c a r r i e d o u t f o r t h e A u t o A n a l y z e r . By a n a l y z i n g a s s a y e d s e r u m 
s a m p l e s a n d c o m p a r i n g r e s u l t s o b t a i n e d by A t o m i c A b s o r p t i o n a n d by t h e 
DSA o n i d e n t i c a l s a m p l e s , i t w a s d e t e r m i n e d t h a t n o r m a l c o p p e r l e v e l s 
c a u s e n o d e t e c t a b l e i n t e r f e r e n c e . A q u e o u s s o l u t i o n s a n d s p i k e d s e r u m 
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Figure 14 . Scheme for Reagent Addi t ion for t he DSA Procedure for Serum Iron. 
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e l e v a t i o n i n a p p a r e n t i r o n l e v e l was o b s e r v e d f o r t h e s e s o l u t i o n s . 
T h i s e l e v a t i o n was d u e t o t h e f o r m a t i o n o f t h e c o p p e r ( I ) f e r r o z i n e 
c o m p l e x . 
I t w a s f o u n d t h a t c o p p e r i n t e r f e r e n c e i n s o l u t i o n s c o n t a i n i n g 
o n l y i r o n s t a n d a r d a n d c o p p e r c o u l d b e e l i m i n a t e d i n e i t h e r o f t w o w a y s . 
1 . A f t e r t h e a d d i t i o n o f t h e f e r r o z i n e r e a g e n t a l a r g e e x c e s s 
o f t h i o u r e a i s a d d e d . A t h i o u r e a c o p p e r ( I ) c o m p l e x i s f o r m e d a n d t h e 
c o p p e r i s m a s k e d a g a i n s t f e r r o z i n e . 
2 . A f t e r t h e a d d i t i o n o f t h e f e r r o z i n e r e a g e n t , t h e pH o f t h e 
s o l u t i o n i s a d j u s t e d t o b e t w e e n 0 . 5 a n d 1 . T h i s pH l o w e r i n g d e s t r o y s 
t h e c o p p e r f e r r o z i n e c o m p l e x b u t d o e s n o t a f f e c t t h e i r o n c o m p l e x i n 
a q u e o u s s o l u t i o n s . 
When t h e s e t e c h n i q u e s a r e a p p l i e d t o s e r u m , b o t h e l i m i n a t e t h e 
a b s o r b a n c e d u e t o c o p p e r , b u t t h e s e c o n d i s l e s s s a t i s f a c t o r y b e c a u s e 
i t l o w e r s a p p a r e n t i r o n v a l u e s b y a b o u t 10%. O t h e r p o s s i b l e i n t e r f e r ­
i n g a g e n t s s u c h a s h e m o g l o b i n a n d s a l i c y l a t e h a d n o a p p a r e n t e f f e c t . 
H o w e v e r , EDTA a t a c o n c e n t r a t i o n o f 150 m g / 1 0 0 m l c a u s e s a p p r o x i m a t e l y 
a 25% d e c r e a s e i n t h e i r o n v a l u e . 
A n i n d i c a t i o n o f t h e p r e c i s i o n o f t h e DSA p r o c e d u r e i s g i v e n b y 
t h e r e s u l t s o f t e s t s p e r f o r m e d r o u t i n e l y o v e r a 6 - m o n t h p e r i o d o n t w o 
c o n t r o l p o o l s . T h e s e d a t a a r e s h o w n i n T a b l e 9 . A c e r t i f i e d c o m m e r c i a l 
s e r u m p r e p a r a t i o n " M e t r i x " was a n a l y z e d a n d t h e r e s u l t s s h o w n i n T a b l e 
10 w e r e o b t a i n e d . I t i s f e l t t h a t , i f a d e q u a t e s t a n d a r d s a n d c o n t r o l s 
a r e u s e d , s i n g l e s a m p l e d e t e r m i n a t i o n s b y t h e DSA p r o c e d u r e a r e s a t i s ­
f a c t o r y f o r m o s t a p p l i c a t i o n s . 
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Table 9. Summary of Results Obtained With the Beckman 560 DSA on Two Control Pools Run Over a 6-Month Period 
Normal Elevated Mean 135.4 ftg/100 ml 222.6 fig/100 ml 
Number of determinations 270 273 
SDa +2.1 fig/100 ml +1.9 fig/100 ml 
RSDb +1.5% ±0.9% 
SDC +4.  fig/100 ml +4.7 fig/100 ml 
RSDb +3.2% +2.1% 
a. Standard deviation of replicate determinations in the same run. 
b. Relative standard deviation, (SD * mean) x 100. 
c. Total standard deviation of a single determination. 
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Table 10. Beckman 560 DSA Results and the Label Values for a Commercial Serum 
DSA Label Value Normal Elevated Normal Elevated Mean 102.0 fig/100 ml 295.1 jig/100 ml 101 293 Number of determinations 13 9 - -
SD +1.2 fig/100 ml +2.7 fig/100 ml - -
RSD +1.2% + .9% - -
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C. T o t a l I r o n - B i n d i n g C a p a c i t y 
The g e n e r a l p r o c e d u r e f o r d e t e r m i n i n g t o t a l i r o n - b i n d i n g c a p a c i t y 
(TIBC) i s t o s a t u r a t e t h e t r a n s f e r r i n p r e s e n t w i t h f e r r i c i r o n , remove 
t h e e x c e s s f e r r i c i r o n , and p e r f o r m t h e n o r m a l i r o n a s s a y . A number o f 
a p p r o a c h e s h a s b e e n t a k e n t o t h e p r o b l e m o f r e m o v i n g e x c e s s f e r r i c i r o n , 
i n c l u d i n g a b s o r p t i o n on i o n e x c h a n g e r e s i n ( 5 3 ) o r r e s i n t r e a t e d f i l t e r 
p a p e r ( 4 4 ) . I n t h i s s t u d y , l i g h t m a g n e s i u m c a r b o n a t e was u s e d a s an 
a d s o r b e r . About 0 . 2 gm MgCO^ was p l a c e d i n a d i s p o s a b l e i o n e x c h a n g e 
co lumn (Whale S c i e n t i f i c I n c . ) i n t o w h i c h had b e e n i n s e r t e d a d i s k o f 
W h a t m a n #3 f i l t e r p a p e r ( F i g u r e 1 5 ) . One ml o f t h e 2 0 0 fig/100 ml s t a n ­
dard was a d d e d t o 0 . 5 ml o f s e r u m ; t h e s o l u t i o n was m i x e d a l l o w e d t o 
s t a n d f o r a t l e a s t 5 m i n u t e s , and t h e n p o u r e d o n t o t h e c o l u m n . The 
c o l u m n was i n s e r t e d i n t o a c a p p e d A u t o A n a l y z e r cup and c e n t r i f u g e d a t 
l o w s p e e d ( 7 5 0 - 1 0 0 0 rpm) f o r 5 m i n u t e s . The co lumn and c a p w e r e d i s ­
c a r d e d , and t h e s a m p l e was a n a l y z e d f o r i r o n b y e i t h e r o f t h e d e s c r i b e d 
p r o c e d u r e s . For t h e DSA p r o c e d u r e t h e v o l u m e s o f i r o n ( I I I ) s t a n d a r d 
and s e r u m a r e h a l v e d . The r e s u l t o b t a i n e d i s m u l t i p l i e d by 3 t o g i v e 
TIBC. T h i s t e c h n i q u e s a v e s s a m p l e ( a s e r u m i r o n and TIBC c a n b e p e r ­
f o r m e d on l e s s t h a n 1 ml o f s e r u m on t h e DSA) , e l i m i n a t e s l o n g h i g h ­
s p e e d s p i n n i n g , a v o i d s t h e p r o b l e m c a u s e d by d e c a n t i n g f rom MgC03, and 
s p e e d s up t h e o v e r a l l p r o c e d u r e f o r TIBC a s s a y s . I n c o m p a r i s o n s w i t h 
c o n v e n t i o n a l t e c h n i q u e s u s i n g MgCOg no d i f f e r e n c e s w e r e o b s e r v e d . The 
p r e c i s i o n o b t a i n e d w i t h a c o n t r o l p o o l w h i c h was r e p e a t e d l y a n a l y z e d 
o v e r a p e r i o d o f 6 - m o n t h s i s g i v e n i n T a b l e 1 1 . The l o w e r p r e c i s i o n 
f o r t h e TIBC r e s u l t s i s , o f c o u r s e , c a u s e d by t h e a d d i t i o n a l s a m p l e 
h a n d l i n g and d i l u t i o n s t e p s n e c e s s a r y i n t h i s p r o c e d u r e . 
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A. Disposable Ion Exchange Column 
B. M g C 0 3 - a p p r o x i m a t e l y 0.2 g. 
C. Filter paper disk 
D. Capped AutoAnalyzer Cup. 
Figure 15 . Disposable Ion Exchange Column Used for Total Iron Binding Determinat ion. 
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T a b l e . 1 1 . Summary o f T o t a l I r o n B i n d i n g C a p a c i t y T e s t R e s u l t s o n 
a C o n t r o l P o o l U s i n g t h e D i s c r e t e S a m p l e A n a l y z e r 
T h e d a t a w e r e t a k e n o v e r a p e r i o d o f 6 m o n t h s . 
Mean 3 2 9 . 2 f i g / 1 0 0 m l 
D e t e r m i n a t i o n s 3 2 2 
S D a + 1 2 . 3 j i g / 1 0 0 m l 
R S D b + 3 . 7 % 
S D C + 1 6 . 2 / x g / 1 0 0 m l 
R S D b + 4 . 9 % 
a . S t a n d a r d d e v i a t i o n o f r e p l i c a t e d e t e r m i n a t i o n s i n t h e same r u n . 
b . R e l a t i v e s t a n d a r d d e v i a t i o n , SD m e a n . 
c . T o t a l s t a n d a r d d e v i a t i o n o f a s i n g l e d e t e r m i n a t i o n . 
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APPENDIX B 
I t was d e c i d e d t o a p p l y t h e a l r e a d y s e l e c t i v e r e a g e n t f e r r o z i n e 
a s a c o l o r r e a g e n t t o i r o n e x t r a c t i o n p r o c e d u r e s a s d e s c r i b e d by D o l l 
and S p e c k e r ( 5 4 ) and G a g l i a r d i and Woss ( 5 5 ) . I n t h e s e p r o c e d u r e s i r o n 
i s e x t r a c t e d from 6 N h y d r o c h l o r i c a c i d s o l u t i o n i n t o m e t h y l i s o b u t y I k e -
t o n e (MIBK). T h i s p r o c e d u r e a l l o w s t h e c o m p l e t e s e p a r a t i o n o f i r o n 
from a g i v e n m a t r i x a l o n g w i t h v a r y i n g a m o u n t s o f o t h e r m e t a l i o n s . 
T h e s e r a n g e f rom a l m o s t 100% f o r g a l l i u m and i n d i u m t o 1 t o 4% f o r c o ­
b a l t , z i n c , and c o p p e r . The c o m b i n a t i o n o f t h e e x t r a c t i o n p r o c e d u r e 
w i t h t h e s e l e c t i v i t y o f f e r r o z i n e p r o v i d e s an a l m o s t s p e c i f i c p h o t o ­
m e t r i c d e t e r m i n a t i o n o f i r o n a l o n g w i t h t h e p o s s i b i l i t y o f c o n c e n t r a t i n g 
t h e s a m p l e i n t h e e x t r a c t i o n s t e p . 
S i n c e f e r r o z i n e r e a c t s o n l y w i t h i r o n i n t h e f e r r o u s s t a t e a 
d o u b l e e x t r a c t i o n was a p p l i e d . 
The p r o c e d u r e a p p l i e d i s a s f o l l o w s : 
1 . Make t h e i r o n s o l u t i o n a p p r o x i m a t e l y 6 F w i t h HC1. T h i s c a n 
b e d o n e s i m p l y by a d d i n g an e q u a l v o l u m e o f c o n c e n t r a t e d HC1 t o t h e 
i r o n s o l u t i o n i n a s e p a r a t o r y f u n n e l . 
2 . E x t r a c t w i t h t w o , 2 - m l p o r t i o n s o f MIBK and c o m b i n e t h e 
o r g a n i c p h a s e s i n a s e p a r a t o r y f u n n e l . 
3 . Add a s p a t u l a t i p ( 0 . 1 - 0 . 2 grams) o f a s c o r b i c a c i d and 5 ml 
o f 1 F a c e t a t e b u f f e r pH 4 . 7 t o t h e o r g a n i c p h a s e , s h a k e , and c o l l e c t 
t h e a q u e o u s p h a s e i n a 50 ml v o l u m e t r i c f l a s k . 
4 . R e p e a t s t e p 3 and c o m b i n e t h e s e c o n d a q u e o u s p h a s e w i t h t h e 
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f i r s t . 
5 . A d d 2 m l o f 0 . 0 1 F f e r r o z i n e a n d d i l u t e t o m a r k w i t h w a t e r . 
6 . M e a s u r e t h e a b s o r b a n c e a t 5 6 2 nm a n d d e t e r m i n e t h e i r o n c o n ­
c e n t r a t i o n f r o m a p r e v i o u s l y p r e p a r e d s t a n d a r d c u r v e . 
T h e s t a n d a r d c u r v e o b t a i n e d b y c a r r y i n g i r o n s t a n d a r d s o l u t i o n s 
t h r o u g h t h e e x t r a c t i o n i s l i n e a r a n d s u p e r i m p o s a b l e o n a c u r v e g e n e r ­
a t e d w i t h o u t e x t r a c t i o n . 
T h e d e g r e e o f c o e x t r a c t i o n o f c o b a l t a n d c o p p e r , t w o c a t i o n s 
w h i c h a r e k n o w n t o f o r m f e r r o z i n e c o m p l e x e s , was c h e c k e d . T h e r e s u l t s 
o b t a i n e d s h o w e d a p p r o x i m a t e l y 1% o f t h e o r i g i n a l c o b a l t a n d 3% o f t h e 
c o p p e r i n t h e f i n a l a q u e o u s p h a s e . T h e s e r e s u l t s c o r r e s p o n d w e l l w i t h 
t h e v a l u e s o f 1% a n d 4% r e p o r t e d b y D o l l a n d S p e c k e r ( 5 4 ) . C o b a l t 
p r o v e d r e s i s t a n t t o m a s k i n g e f f o r t s b u t c o p p e r ( I ) y i e l d e d r e a d i l y t o 
t h i o u r e a m a s k i n g a s d e s c r i b e d e a r l i e r i n t h i s s e c t i o n . U s i n g t h i s 
t e c h n i q u e a 2 , 0 0 0 t i m e s m o l a r e x c e s s o f c o p p e r c a n b e m a s k e d . S i n c e 
s u c h a s m a l l a m o u n t o f c o b a l t c o e x t r a c t s w i t h t h e i r o n i f t h e e x t r a c t i o n 
i s r e p e a t e d c o b a l t c a n b e v i r t u a l l y c o m p l e t e l y r e m o v e d . 
G a l l i u m a n d i n d i u m w e r e a l s o c a r r i e d t h r o u g h t h e e x t r a c t i o n a n d 
a l t h o u g h t h e y c o e x t r a c t w i t h i r o n , n e i t h e r r e a c t w i t h f e r r o z i n e u n d e r 
t h e c o n d i t i o n s a p p l i e d . 
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